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Appendix A:  Supporting Figures 
 
Summary 
This section contains supporting figures for results presented in Chapter 3 and Chapter 4, as 
follows: 
Appendix A.1: Correlation Plots for Models Described in Chapter 2 
Appendix A.2: Parameter Estimation Analysis from Chapter 3 Section 3.1.3 performed 
with Different Threshold Values 
Appendix A.3: Correlation Plots for Models Described in Chapter 4 
Appendix A.4: Parameter Estimation Analysis from Chapter 4 Section 4.2.3 performed 
with Different Threshold Values 
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A.1 Correlation Plots for Models Described in Chapter 2 
Figure A.1: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 120,000 successful simulations for the 
NM SW FLAT model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  S1:  
mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); S4: var(SI:sites); S5: 
mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: var(MI:sites); S9: 
mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.2: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 120,000 successful simulations for the 
NM SW B-A model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  S1:  
mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); S4: var(SI:sites); S5: 
mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: var(MI:sites); S9: 
mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.3: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 400,000 successful simulations for the 
NMCI SW FLAT model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.4: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 400,000 successful simulations for the 
CD SW FLAT model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.5: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 400,000 successful simulations for the 
NMCI SW B-A model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.6: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 400,000 successful simulations for the 
CD SW B-A model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.7: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 400,000 successful simulations for the 
NMCI DIS FLAT model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total number of items in each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.8: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 400,000 successful simulations for the 
CD DIS FLAT model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total number of items in each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.9: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 400,000 successful simulations for the 
NMCI DIS B-A model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total number of items in each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.10: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 400,000 successful simulations for the 
CD DIS B-A model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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A.2 Parameter Estimation Analysis from Chapter 3 Section 3.1.3 
performed with Different Threshold Values 
A.2.1 Threshold: 0.5% (i.e. closest 2,000 of 404,808 simulations) 
Figure A.11: Ranked Euclidean distance values of the best 20,240 simulations (i.e. the closest 5% 
of 404,808 simulations) for each of the two models plotted in black, with the 2,000 retained 
simulations (i.e. closest ~0.5% of 404,808 simulations) used for estimating the posterior 
parameter distributions of parameters highlighted in red. The two panels correspond to the two 
models of interest: NMCI SW FLAT (top panel) and NMCI DIS FLAT (bottom panel). 
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Estimated posterior density distributions of the demographic and evolutionary parameters of 
interest for the two NMCI models, calculated on the 2,000 retained simulations (i.e. closest 
~0.5% of 404,808 simulations) for each model. The boundaries of the equal-tailed 95% credible 
intervals (i.e. the upper and lower 2.5%) of each distribution are indicated by shading; these are 
also summarised in Table A.1. The solid and dashed grey lines represent the prior and extinct 
(i.e. those simulations in which all groups became extinct prior to the end of the simulation) 
density distributions of parameters, respectively. 
Figure A.12: NMCI SW FLAT model. 
 
Figure A.13: NMCI DIS FLAT model. 
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Table A.1: Prior ranges and posterior estimates of parameters for the two versions of interest of the Null Model with Cultural Interactions. For each model, the 
posterior parameter ranges are calculated on the 2,000 retained simulations (i.e. closest ~0.5% of 404,808 simulations) and expressed by giving the mode, 2.5% and 
97.5% quantiles, expressed to 4 decimal places. The letter in the far left column corresponds to the panels in Figure A.12 (NMCI SW FLAT) and Figure A.13 (NMCI 
DIS FLAT).  
  SW FLAT DIS FLAT 
Parameter Prior Range Posterior Estimate 
 minimum maximum mode 2.5% quantile 
97.5% 
quantile mode 
2.5% 
quantile 
97.5% 
quantile 
(A) pmut: probability of cultural mutation 0 0.2 0.0059 0.0013 0.0472 0.0023 0.0005 0.0091 
(B) pf/e: probability of fission / extinction 0 1 0.8669 0.0073 0.9808 0.8865 0.0168 0.9805 
(C) dmig: migration distance (km) 1 100 44.4427 15 98 63.7965 16 99 
(D) Nitems: total number of items in each group’s  cultural  repertoire 500 1500 606 515 1457 1007 525 1464 
(E) Ngroups: maximum number of groups 50 1000 559 434 980 540 442 981 
(F) dint: interaction radius (km) 0 50 4.5010 0 48 5.7730 1 49 
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Figure A.14: Distributions of the 12 summary statistic values in the 2,000 retained simulations 
(i.e. closest ~0.5% of 404,808 simulations) for the NMCI SW FLAT model (black lines) and 
NMCI DIS FLAT model (grey lines). The title of each panel corresponds to the summary statistic 
as discussed in section 2.2.1. The red vertical line indicates the target value of each summary 
statistic (i.e. the value of that statistic calculated from the observed data).  
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A.2.2 Threshold: 0.1% (i.e. closest 400 of 404,808 simulations) 
Figure A.15: Ranked Euclidean distance values of the best 20,240 simulations (i.e. the closest 
5% of 404,808 simulations) for each of the two models plotted in black, with the 400 retained 
simulations (i.e. closest ~0.1% of 404,808 simulations) used for estimating the posterior 
parameter distributions of parameters highlighted in red. The two panels correspond to the two 
models of interest: NMCI SW FLAT (top panel) and NMCI DIS FLAT (bottom panel). 
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Estimated posterior density distributions of the demographic and evolutionary parameters of 
interest for the two NMCI models, calculated on the 400 retained simulations (i.e. closest ~0.1% 
of 404,808 simulations) for each model. The boundaries of the equal-tailed 95% credible 
intervals (i.e. the upper and lower 2.5%) of each distribution are indicated by shading; these are 
also summarised in Table A.2. The solid and dashed grey lines represent the prior and extinct 
(i.e. those simulations in which all groups became extinct prior to the end of the simulation) 
density distributions of parameters, respectively. 
Figure A.16: NMCI SW FLAT model. 
 
Figure A.17: NMCI DIS FLAT model. 
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Table A.2: Prior ranges and posterior estimates of parameters for the two versions of interest of the Null Model with Cultural Interactions. For each model, the 
posterior parameter ranges are calculated on the 400 retained simulations (i.e. closest ~0.1% of 404,808 simulations) and expressed by giving the mode, 2.5% and 
97.5% quantiles, expressed to 4 decimal places. The letter in the far left column corresponds to the panels in Figure A.16 (NMCI SW FLAT) and Figure A.17 (NMCI 
DIS FLAT).  
  SW FLAT DIS FLAT  
Parameter Prior Range Posterior Estimate 
 minimum maximum mode 2.5% quantile 
97.5% 
quantile mode 
2.5% 
quantile 
97.5% 
quantile 
(A) pmut: probability of cultural mutation 0 0.2 0.0070 0.0017 0.0412 0.0020 0.0007 0.0090 
(B) pf/e: probability of fission / extinction 0 1 0.8454 0.0115 0.9824 0.8767 0.0168 0.9840 
(C) dmig: migration distance (km) 1 100 40.9002 14 98 58.5127 16 98 
(D) Nitems: total number of items in each group’s  cultural  repertoire 500 1500 643 513 1430 940 532 1469 
(E) Ngroups: maximum number of groups 50 1000 574 439 981 565 445 976 
(F) dint: interaction radius (km) 0 50 5.1859 0 49 8.8063 1 48 
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Figure A.18: Distributions of the 12 summary statistic values in the 400 retained simulations 
(i.e. closest ~0.1% of 404,808 simulations) for the NMCI SW FLAT model (black lines) and 
NMCI DIS FLAT model (grey lines). The title of each panel corresponds to the summary statistic 
as discussed in section 2.2.1. The red vertical line indicates the target value of each summary 
statistic (i.e. the value of that statistic calculated from the observed data).  
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A.3 Correlation Plots for Models Described in Chapter 4 
Figure A.19: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 1,000,000 successful simulations for the 
NMCI SW FLAT model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
S1
0.468
0 S2
0.063
0
0.316
0 S3
0.044
0
0.179
0
0.688
0 S4
0.113
0
0.496
0
0.231
0
0.129
0 S5
0.103
0
0.373
0
0.166
0
0.097
0
0.072
0 S6
0
0.097
0.03
0
0.173
0
0.057
0
0.006
0
0.018
0 S7
0.025
0
0.207
0
0.315
0
0.121
0
0.092
0
0.181
0
0.636
0 S8
0.086
0
0.243
0
0.079
0
0.052
0
0.168
0
0.259
0
0.038
0
0.016
0 S9
0
0.061
0.034
0
0.002
0
0
0
0.042
0
0.017
0
0.006
0
0.021
0
0.042
0 S10
0.09
0
0.304
0
0.14
0
0.061
0
0.203
0
0.275
0
0.011
0
0.153
0
0.147
0
0.032
0 S11
0
0
0.003
0
0.001
0
0.022
0
0.001
0
0.03
0
0.023
0
0.082
0
0.011
0
0.06
0
0.081
0 S12
0.006
0
0.105
0
0.137
0
0.066
0
0.114
0
0.049
0
0.187
0
0.208
0
0.013
0
0.013
0
0.027
0
0
0.608 P1
0.002
0
0.003
0
0.001
0
0
0.23
0.006
0
0
0
0
0
0.001
0
0.002
0
0
0.038
0.01
0
0.011
0
0
0.622 P2
0.042
0
0.146
0
0.03
0
0.026
0
0.109
0
0.136
0
0.047
0
0
0
0.206
0
0.008
0
0.048
0
0.006
0
0
0.061
0.042
0 P3
0.005
0
0.033
0
0.039
0
0.017
0
0.036
0
0.013
0
0.054
0
0.064
0
0.003
0
0.003
0
0.014
0
0
0.802
0
0.097
0
0.198
0
0.745 P4
0.028
0
0.099
0
0.028
0
0.011
0
0.093
0
0.064
0
0
0
0.022
0
0.068
0
0.011
0
0.079
0
0.022
0
0
0.694
0.012
0
0.001
0
0
0.341 P5
0
0
0.001
0
0
0
0
0
0
0
0.001
0
0.001
0
0.001
0
0
0
0
0
0
0
0
0.771
0
0.163
0
0.818
0
0.403
0
0.939
0
0.882 P6
  217 
Figure A.20: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 1,000,000 successful simulations for the 
CD SW FLAT model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total number of items in each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.21: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 1,000,000 successful simulations for the 
NMCI SW NPPBanks model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.22: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 1,000,000 successful simulations for the 
CD SW NPPBanks model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total number of items in each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.23: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation coefficient R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 1,000,000 successful simulations for the 
NMCI SW NPPSingarayer model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups; P6: 
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.24: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 1,000,000 successful simulations for the 
CD SW NPPSingarayer model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.25: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 1,000,000 successful simulations for the 
NMCI DIS FLAT model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
 
S1
0.441
0 S2
0.005
0
0.071
0 S3
0.007
0
0.041
0
0.649
0 S4
0.021
0
0.197
0
0.021
0
0.017
0 S5
0.071
0
0.327
0
0.029
0
0.016
0
0.001
0 S6
0.027
0
0.028
0
0.088
0
0.035
0
0.034
0
0.036
0 S7
0.013
0
0.001
0
0.073
0
0.022
0
0.014
0
0
0
0.748
0 S8
0.046
0
0.166
0
0.002
0
0
0
0.034
0
0.247
0
0.201
0
0.077
0 S9
0.002
0
0.029
0
0.006
0
0.003
0
0.057
0
0.019
0
0.004
0
0
0
0.031
0 S10
0.048
0
0.297
0
0.043
0
0.02
0
0.12
0
0.33
0
0.022
0
0
0
0.154
0
0.044
0 S11
0.013
0
0.001
0
0.048
0
0.079
0
0.009
0
0.017
0
0
0
0.018
0
0.028
0
0.051
0
0.031
0 S12
0.002
0
0.084
0
0.076
0
0.03
0
0.078
0
0.029
0
0.062
0
0.097
0
0.004
0
0.019
0
0.061
0
0
0.814 P1
0
0
0.002
0
0
0
0.001
0
0
0
0.005
0
0.003
0
0
0
0.008
0
0
0
0.005
0
0.01
0
0
0.644 P2
0.03
0
0.098
0
0
0
0.001
0
0.049
0
0.094
0
0.166
0
0.101
0
0.123
0
0.006
0
0.051
0
0.006
0
0
0.976
0.041
0 P3
0
0
0.003
0
0.004
0
0.001
0
0.005
0
0.001
0
0.003
0
0.005
0
0
0
0
0
0.002
0
0
0.961
0
0.993
0
0.346
0
0.838 P4
0.008
0
0.041
0
0.002
0
0.002
0
0.015
0
0.057
0
0.061
0
0.021
0
0.069
0
0.01
0
0.045
0
0.021
0
0
0.619
0.011
0
0.001
0
0
0.343 P5
0
0.003
0
0.445
0
0.686
0
0.317
0
0.048
0
0.023
0
0.222
0
0.419
0
0.067
0
0.377
0
0.447
0
0.596
0
0.647
0
0.555
0
0.821
0
0.613
0
0.093 P6
  223 
Figure A.26: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 1,000,000 successful simulations for the 
CD DIS FLAT model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.27: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 1,000,000 successful simulations for the 
NMCI DIS NPPBanks model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.28: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 1,000,000 successful simulations for the 
CD DIS NPPBanks model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.29: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 1,000,000 successful simulations for the 
NMCI DIS NPPSingarayer model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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Figure A.30: Binned scatterplots (below diagonal) and correlation values (above diagonal; black: 
Spearman’s  rank  correlation  coefficient  R2, blue: associated p-value) of pairwise combinations 
of all summary statistics and model parameters using 1,000,000 successful simulations for the 
CD DIS NPPSingarayer model.  
The cells in each pairwise scatterplot (below diagonal) are shaded according to the number of 
data points they contain, with darker cells containing a larger number of data points than lighter 
cells. Pairwise panels giving the correlation values (above diagonal) are shaded according to R2 
value and the text greyed out for those that are not significant (p-value  ≥  0.05). P1: probability 
of cultural mutation; S2: probability of fission / extinction; P3: migration distance (km); P4: 
total  number  of  items  in  each  group’s  cultural  repertoire;;  P5:  maximum  number  of  groups;;  P6:  
interaction radius (km); S1: mean(SI:ornaments); S2: var(SI:ornaments); S3: mean(SI:sites); 
S4: var(SI:sites); S5: mean(MI:ornaments); S6: var(MI:ornaments); S7: mean(MI:sites); S8: 
var(MI:sites); S9: mean(DR); S10: var(DR); S11: MAD:ornaments; S12: MAD:sites. 
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A.4 Parameter Estimation Analysis from Chapter 4 Section 4.2.3 
performed with Different Threshold Values 
A.4.1 Threshold: 1% (i.e. closest 12,000 of 1,132,411 simulations) 
Figure A.31: Ranked Euclidean distance values of the best 56,621 simulations (i.e. the closest 5% 
of 1,132,411 simulations) for each of the two models plotted in black, with the 12,000 retained 
simulations (i.e. closest ~1% of 1,132,411 simulations) used for estimating the posterior 
parameter distributions of parameters highlighted in red. The two panels correspond to the two 
models of interest: NMCI SW FLAT (top panel) and NMCI SW NPPSingarayer (bottom panel). 
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Estimated posterior density distributions of the demographic and evolutionary parameters of 
interest for the two NMCI models, calculated on the 12,000 retained simulations (i.e. closest 
~1% of 1,132,411 simulations) for each model. The boundaries of the equal-tailed 95% credible 
intervals (i.e. the upper and lower 2.5%) of each distribution are indicated by shading; these are 
also summarised in Table A.3. The solid and dashed grey lines represent the prior and extinct 
(i.e. those simulations in which all groups became extinct prior to the end of the simulation) 
density distributions of parameters, respectively. 
Figure A.32: NMCI SW FLAT model. 
 
Figure A.33: NMCI SW NPPSingarayer model. 
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Table A.3: Prior ranges and posterior estimates of parameters for the two versions of interest of the Null Model with Cultural Interactions. For each model, the 
posterior parameter ranges are calculated on the 12,000 retained simulations (i.e. closest ~1% of 1,132,411 simulations) and expressed by giving the mode, 2.5% and 
97.5% quantiles, expressed to 4 decimal places. The letter in the far left column corresponds to the panels in Figure A.32 (NMCI SW FLAT) and Figure A.33 (NMCI 
SW NPPSingarayer). 
  SW FLAT SW NPPSingarayer 
Parameter Prior Range Posterior Estimate 
 minimum maximum mode 2.5% quantile 
97.5% 
quantile mode 
2.5% 
quantile 
97.5% 
quantile 
(A) pmut: probability of cultural mutation 0 0.2 0.0020 0.0002 0.0474 0.0016 0.0002 0.0480 
(B) pf/e: probability of fission / extinction 0 1 0.0626 0.0091 0.9236 0.0548 0.0080 0.9078 
(C) dmig: migration distance (km) 1 100 16.6341 9 89 14.8728 8 91 
(D) Nitems: total number of items in each group’s  cultural  repertoire 500 1500 568 511 1438 567 510 1439 
(E) Ngroups: maximum number of groups 50 1000 119 61 965 115 61 969 
(F) dint: interaction radius (km) 0 50 5.8708 1 49 3.9139 1 49 
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Figure A.34: Distributions of the 12 summary statistic values in the 12,000 retained simulations 
(i.e. closest ~1% of 1,132,411 simulations) for the NMCI SW FLAT model (black lines) and NMCI 
SW NPPSingarayer model (grey lines). The title of each panel corresponds to the summary 
statistic as discussed in section 2.2.1. The red vertical line indicates the target value of each 
summary statistic (i.e. the value of that statistic calculated from the observed data).  
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A.4.2 Threshold: 0.1% (i.e. closest 1,200 of 1,132,411 simulations) 
Figure A.35: Ranked Euclidean distance values of the best 56,621 simulations (i.e. the closest 5% 
of 1,132,411 simulations) for each of the two models plotted in black, with the 1,200 retained 
simulations (i.e. closest ~0.1% of 1,132,411 simulations) used for estimating the posterior 
parameter distributions of parameters highlighted in red. The two panels correspond to the two 
models of interest: NMCI SW FLAT (top panel) and NMCI SW NPPSingarayer (bottom panel). 
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Estimated posterior density distributions of the demographic and evolutionary parameters of 
interest for the two NMCI models, calculated on the 1,200 retained simulations (i.e. closest 
~0.1% of 1,132,411 simulations) for each model. The boundaries of the equal-tailed 95% credible 
intervals (i.e. the upper and lower 2.5%) of each distribution are indicated by shading; these are 
also summarised in Table A.4. The solid and dashed grey lines represent the prior and extinct 
(i.e. those simulations in which all groups became extinct prior to the end of the simulation) 
density distributions of parameters, respectively. 
Figure A.36: NMCI SW FLAT model. 
 
Figure A.37: NMCI SW NPPSingarayer model. 
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Table A.4: Prior ranges and posterior estimates of parameters for the two versions of interest of the Null Model with Cultural Interactions. For each model, the 
posterior parameter ranges are calculated on the 1,200 retained simulations (i.e. closest ~0.1% of 1,132,411 simulations) and expressed by giving the mode, 2.5% and 
97.5% quantiles, expressed to 4 decimal places. The letter in the far left column corresponds to the panels in Figure A.36 (NMCI SW FLAT) and Figure A.37 (NMCI 
SW NPPSingarayer). 
  SW FLAT SW NPPSingarayer 
Parameter Prior Range Posterior Estimate 
 minimum maximum mode 2.5% quantile 
97.5% 
quantile mode 
2.5% 
quantile 
97.5% 
quantile 
(A) pmut: probability of cultural mutation 0 0.2 0.0023 0.0003 0.0343 0.0020 0.0002 0.0290 
(B) pf/e: probability of fission / extinction 0 1 0.1057 0.0075 0.8313 0.0822 0.0091 0.7309 
(C) dmig: migration distance (km) 1 100 16.4384 9 68 14.6771 8 63 
(D) Nitems: total number of items in each group’s  cultural  repertoire 500 1500 596 511 1446 596 516 1436 
(E) Ngroups: maximum number of groups 50 1000 146 66 971 184 70 982 
(F) dint: interaction radius (km) 0 50 23.8748 1 49 5.5.6751 1 49 
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Figure A.38: Distributions of the 12 summary statistic values in the 1,200 retained simulations 
(i.e. closest ~0.1% of 1,132,411 simulations) for the NMCI SW FLAT model (black lines) and 
NMCI SW NPPSingarayer model (grey lines). The title of each panel corresponds to the 
summary statistic as discussed in section 2.2.1. The red vertical line indicates the target value of 
each summary statistic (i.e. the value of that statistic calculated from the observed data).  
 
 
0.05 0.10 0.15 0.20
(1) mean(SI:ornaments)
observed 
= 0.076
0.0 0.5 1.0 1.5 2.0
(2) var(SI:ornaments)
observed 
= 0.13
0.02 0.06 0.10 0.14
(3) mean(SI:sites)
observed 
= 0.05
0.00 0.10 0.20 0.30
(4) var(SI:sites)
observed 
= 0.022
0.0035 0.0045 0.0055 0.0065
(5) mean(MI:ornaments)
observed 
= 0.0061
0.00012 0.00018 0.00024
(6) var(MI:ornaments)
observed 
= 0.00021
0.003 0.005 0.007
(7) mean(MI:sites)
observed 
= 0.0058
0.00005 0.00015 0.00025
(8) var(MI:sites)
observed 
= 0.00013
0.3 0.5 0.7 0.9
(9) mean(DR)
observed 
= 0.6
0.0 0.2 0.4 0.6
(10) var(DR)
observed 
= 0.23
0.2 0.3 0.4 0.5 0.6 0.7 0.8
(11) MAD:ornaments
observed 
= 0.24
0.30 0.40 0.50 0.60
(12) MAD:sites
observed 
= 0.43
  236 
 
Appendix B:  Research Article I 
 
Summary 
This section contains the article published as:  
Kovacevic M., Shennan S., Vanhaeren M.,  d’Errico  F., Thomas M.G.  (2015)  “Simulating  
geographical variation in material culture: Were early modern humans in Europe ethnically 
structured?”, in Aoki K. and Mesoudi A. (eds), Replacement of Neanderthals by Modern 
Humans, Springer, pp 103-120 
 
Permission to reproduce this article has been granted by Springer. 
 
The modelling framework presented in the article was developed and implemented, and 
analyses on the simulated data performed, by Mirna Kovacevic, with guidance from Mark G. 
Thomas and Stephen Shennan in a supervisory capacity. Marian Vanhaeren and Francesco 
d’Errico  provided  published  archaeological  data  (Vanhaeren and d'Errico 2006). 
 
8Simulating Geographical Variation in MaterialCulture: Were Early Modern Humans in Europe
Ethnically Structured?
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Abstract
A high degree of structuring is seen in the spatial distribution of symbolic artefact types
associated with the Aurignacian culture in Upper Palaeolithic Europe, particularly the
degree of sharing of ornament types across archaeological sites. Multivariate analyses
of these distributions have been interpreted as indicating ethno-linguistic differentiation
(Vanhaeren and d’Errico 2006), although simpler explanations such as isolation-by-distance
have not been formally discounted. In this study we have developed a spatiotemporally
explicit cultural transmission simulation model that generates expectations of a range of
spatial statistics describing the distribution of shared ornament types. We compare these
simulated spatial statistics to those observed from archaeological data for Aurignacian
Europe—using Approximate Bayesian Computation—in order to test and compare a range
of hypotheses concerning group interaction dynamics for the period. Among the set of
hypotheses examined, we include ones where material culture does or does not drive group
interaction dynamics.
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archaeological material culture, and a progression towards
modelling approaches to understanding past processes. Ar-
chaeologists are now more widely postulating explicit hy-
potheses to explain the material culture records recovered
from archaeological sites, and developing various methods
to test these hypotheses. As a result, the fields of archaeol-
ogy, anthropology and the social sciences in general have
become increasingly systematic and multidisciplinary. In
archaeology, there has been an increase in the application
of computer simulation modelling and statistical techniques
to study the relationship between cultural and demographic
processes (Clark and Hagemeister 2007; Powell et al. 2009;
Costopoulos and Lake 2010; Gerbault et al. 2014) in order
to address longstanding archaeological and anthropological
questions that are difficult to address through interpretation
of archaeological data alone.
The evolution and spread of cultures have been studied
using computational modelling methods, with particular fo-
cus on processes of cultural innovation and the transmission
and accumulation of cultural traits (Neiman 1995; Shennan
2001; Henrich 2004; Powell et al. 2009). The formation
of cultural boundaries has also been studied using a group
of computational methods labelled agent based modelling
(ABM). ABM has been applied throughout the social sci-
ences to investigate how large-scale effects emerge as a result
of interactions between agents in the system (Premo 2007;
Powell et al. 2009) and for studies of hominin dispersal
(Mithen and Reed 2002; Nikitas and Nikita 2005; Hughes
et al. 2007). In particular, Robert Axelrod has used ABM
methods to investigate the persistence of cultural heterogene-
ity as a result of interactions between individual agents that
are dependent on the extent of cultural similarity between
those agents (Axelrod 1997).
Simulation modelling of this kind is a powerful approach
that allows the incorporation of stochasticity (variation
in demographic and cultural processes arising from
random events) into the models. Simulation modelling, and
computational modelling in general, also allows researchers
to account for sample sizes and the spatial distribution of
sample sites, effectively incorporating sampling error and
some archaeological bias in inferences on the past (Shennan
et al. 2013; Gerbault et al. 2014). The use of modelling
in archaeology has resulted in a better understanding of
behaviours of agents within the complex systems modelled,
as well as helping to refine the questions that are asked
and hypotheses that are postulated. With such methods,
archaeologists are able to develop robust frameworks that
allow a qualitative comparison of alternative modelled
scenarios with each other and with observed material culture
records, in effect creating virtual experiments to test the
effect of varying parameter values on the similarity between
simulated and observed material culture data.
In addition to simulation modelling, statistical modelling
methods are widely used to describe distributions of, and
relationships between, archaeological variables; for example,
regression modelling is used to infer correlations between
variables of interest. As in many other disciplines, Bayesian
methods in archaeology have surged in popularity in recent
years. In brief, Bayesian inference is a branch of statistics
that uses particular datasets to infer the probability that a
proposed hypothesis, or a parameter value of that hypothesis,
is true. In contrast to frequentist statistics, where the hypoth-
esis is fixed and variation in outcomes (data) is explored,
in Bayesian inference the data becomes fixed and some
space of possible explanations (hypotheses) is explored. This
means that Bayesian approaches are naturally well suited to
archaeological inference since observed data from the past
is fixed but only one of a number of possible outcomes
of a set of stochastic processes of interest. In Bayesian
approaches, various models with set numbers of parameters
are proposed, and the posterior probability distributions of
these parameters are inferred using information from prior
probability distributions of the parameters and information
provided by the observed data.
In archaeology, Bayesian methods are primarily asso-
ciated with dating; for example, to integrate stratigraphic
information with radiocarbon date estimates in order to
calibrate the probability density distributions (Buck 2001).
Other branches of Bayesian methods have not been exten-
sively implemented in archaeological studies. Of particular
interest in this paper is a family of Bayesian methods called
Approximate Bayesian Computation (ABC) (Tavare et al.
1997; Fu and Li 1997; Beaumont et al. 2002; Bertorelle et al.
2010).
In ABC techniques, a large number of datasets are sim-
ulated under a model assuming different, randomly chosen,
parameter values from within prior ranges, and appropriate
summary statistics are used to measure the extent to which
the simulated datasets emulate the observed data. Parameter
values under which the model generates datasets closest to
the observed data are retained and form a sample of the
posterior probability distributions of the parameters. This
approach allows the researcher to postulate a number of
hypotheses and, provided that they are sufficiently well
defined to allow data to be simulated, test which of these
hypotheses are more likely given the observed data. An
important advantage of ABC over traditional Bayesian ap-
proaches is that it is not necessary to formulate an exact
function to calculate the probability of the data given some
conditions (the likelihood function). The ABC framework
and algorithms are further discussed in Appendix 1: Bayesian
Inference and Approximate Bayesian Computation (ABC),
Appendix 2: Approximate Bayesian Computation (ABC)
Algorithm and Appendix 3: Summary Statistics.
In this paper we present a case study in which a spatiotem-
porally explicit cultural transmission simulation framework
has been developed and integrated with observed material
culture data (Upper Palaeolithic bead types identified as
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personal ornaments), using ABC, in order to aid the interpre-
tation of quantitative data analyses on the observed material
culture data (Vanhaeren and d’Errico 2006).
8.2 Case Study: Applying Simulation
Modelling and ABCMethods
8.2.1 Introduction
The transition from the Middle Palaeolithic to the Upper
Palaeolithic period in Europe occurred as early as approxi-
mately 44,000 years ago (Kuhn et al. 2001; Bar-Yosef 2002;
Mellars 2005; Higham et al. 2012; Banks et al. 2013).
This transition is widely seen as marking the appearance
of modern human behaviour in Europe, as evidenced in
the Upper Palaeolithic material culture by increased and
consistent symbolic activity, and other technological and
cultural advances (Powell et al. 2009). These changes in
behavioural patterns appear in the archaeological record in
the form of abstract and figurative art, the use of personal
ornaments, systematically produced microlithic stone tools,
bone, ivory and antler artefacts, and increasingly complex
hunting technologies. The initial appearance of such items in
the European territory dates to the beginnings of the Upper
Palaeolithic transition and is thought to coincide with the ap-
pearance of AMH in Europe (Kuhn et al. 2001; Zilhão 2007).
The earliest evidence of anatomically modern humans
in Europe remains a subject of debate, but is estimated
to date to between approximately 45 Ka (Benazzi et al.
2011; Higham et al. 2011) and 40 Ka (Zilhão et al. 2007;
Trinkaus and Zilhão 2012). Due to the lack of reliably
dated Neanderthal fossils younger than approximately 40 Ka
(Pinhasi et al. 2011), archaeological findings dating to 40 Ka
or later are assumed to be mostly the result of activities
of anatomically modern human populations. Little is known
about the migration routes of the first anatomically modern
human populations inhabiting Europe at the onset of the
Upper Palaeolithic, the extent of biological, cultural and
linguistic diversity among them, and the nature and extent
of their interactions with the local Neanderthals (but see, for
example, Prufer et al. (2014)).
Personal ornaments are considered to be among the first
material objects used to communicate social and ethnic iden-
tity within and across cultural boundaries (Kuhn et al. 2001).
In relation to ethnic identity, personal ornaments can there-
fore be considered to be the most diagnostic components of
material culture surviving in the archaeological record. It has
been argued that personal ornaments and beadwork can be
used as a proxy for ethno-linguistic identity (Vanhaeren and
d’Errico 2006), and that they offer archaeological advantages
over other components of the material record for inferring
ethno-linguistic structuring, including their exclusively sym-
bolic function, and the frequency and wide assortment in
which they occur at archaeological sites associated with
the Upper Palaeolithic (Kuhn et al. 2001; Vanhaeren and
d’Errico 2006).
In their study, Vanhaeren and d’Errico (2006) considered
bead types, identified as personal ornaments, from European
Aurignacian sites. Seriation and correspondence analyses of
the data identified geographically non-randomly distributed
clusters of sites sharing bead types. Seriation analysis is a
relative dating method used to chronologically order artefacts
recovered from different sites and belonging to the same
culture. It is based on the relative chronological order of
artefacts and is often applied when absolute dates are not
available. Correspondence analysis is related to principal
components analysis and is a method used to identify di-
mensions of variation in categorical data and rank them by
the amount of variance explained. The authors argued that
the observed variation in spatial distributions was not due
to changes over time in personal ornament preference or
local availability of raw materials, but rather represented
cultural differences among the human groups using Aurig-
nacian technologies. They further argued that the identified
trends may have reflected ethno-linguistic diversity among
Aurignacian populations.
While this is an interesting interpretation, simpler expla-
nations of these results have not been formally discounted.
There are many factors that could cause spatial variation
or geographical structuring of material culture, including
ethnicity, chronology, local availability of raw materials,
environmental influences or simply isolation-by-distance and
identity by descent. It is also important to distinguish be-
tween spatial variation and ethnic structuring, the latter refer-
ring to the ability of individuals, or groups of individuals, to
consciously identify with a specific social group “based on a
particular locality or origin” (Shennan 1989). Considering
this definition, it is clear that drawing conclusions about
ethnic identity and structure for prehistoric populations is
difficult since there are no data in the material record relating
to individual’s conscious identification; the challenges of
invoking ethnic structuring and reconstructing patterns of
ethnicity through analysis of material culture data have been
discussed by several authors (Shennan 1989, 2002; Jones
1997). With this in mind, invoking ethnic structure for the
Upper Palaeolithic in Europe is a challenging task given the
paucity of material culture and other data for the period.
However, ethnic identity and structuring are universals in
the modern world and are therefore frequently assumed for
peoples in the past. Identifying the earliest appearance of
ethnicity is an issue of general importance for the history of
human evolution that has implications for the emergence of
languages, and may inform on the evolutionary dynamics of
human populations, as well as the role of identity construc-
tion in people today.
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The current study therefore aims to test whether the distri-
bution of artefact types reported by Vanhaeren and d’Errico
(2006) can be explained by a model of cultural identity-
by-descent with modification and isolation-by-distance, or
whether it is necessary to invoke cultural group interaction
processes that would be expected if material culture was
symbolically marking ethnic group identity. For example, an
interaction between two culturally similar populations may
result in sharing of cultural traits between the two, causing
them to become overall more culturally similar, while an in-
teraction between two culturally different populations might
result in the two undergoing conflict, dependent on the extent
of the cultural difference between them, and possibly the
imposition of one culture on another. An analogous distinc-
tion is that between the existence of inter-group differences
arising through cultural mutation and drift (the null model),
of which actors are not consciously aware, versus that null
model plus the intentional adherence to behavioral norms
that imply identity and actively shape interaction processes,
and through that, the spread, loss and mixing of culturally
inherited traits.
In this study, spatiotemporally explicit cultural trans-
mission simulation models that generate simulated material
culture data under each of the scenarios described above
have been developed and explored through simulation. The
archaeological dataset published by Vanhaeren and d’Errico
(2006) is used to assess the validity of each model. The
underlying principle here is that conditions under which the
simulated data is very similar to the observed archaeological
data—as reflected in a range of spatial statistics describing
the distribution of artefact types—are more likely to be true
than conditions under which the simulated data is unlike
the observed data. This assessment of the goodness-of-fit
between the simulated and observed data is quantified using
ABC.
8.2.2 SimulationModelling
Each simulation is initialised at the onset of the Aurignacian
period, approximately 42 Ka, and simulated forward in
time to the end of the Aurignacian period, approximately
29 Ka (Higham et al. 2012). Each simulation spans a total
of 13,000 years, or 520 generations assuming a 25 year
generation time (Tremblay and Vezina 2000; Thomas et al.
2006). Since this may be an overestimate of the length of
the Aurignacian period (Zilhão and Pettitt 2006), data is
also collected when each simulation reaches 10,000 years,
or 400 generations, though these results are not presented
here. Each simulation includes a 1,000 year, or 40 gener-
ation, burn-in period at the start of the simulation during
which no simulated data is collected, in order to allow
for possible inaccuracies in initial locations of simulated
groups.
8.2.2.1 SimulationWorld
The geographic region considered in this study is the range
of latitudes and longitudes corresponding to the European
territory. The longitude, !, ranges from !11ı to 30ı, which,
relative to modern day country boundaries, is approximately
the area from the western Irish boundary to the western
Russian boundary at the Urals. The latitude, ", ranges from
35ı to 60ı, which is approximately the area from the northern
boundary of Africa to the northern boundary of Scotland.
Although it would be possible to incorporate changes in
sea levels through time by using available bathymetry data,
dramatic geostatic rebound for northern latitudes makes it
difficult to accurately estimate coastlines for northern Eu-
rope. For this reason, modern coastlines are currently used
in simulations.
Within the defined region, each geographic location is
assigned a local carrying capacity. The carrying capacity of
a location determines the habitability, and therefore potential
population density, of that location; a zero carrying capacity
corresponds to an uninhabitable region, for example sea or
ice covered land. In order to estimate these local carrying
capacities for geographic locations in the modelled domain,
two distinct environmental scenarios have been considered;
each simulation is conditioned on only one of these two
environmental scenarios.
The first is a simple scenario in which Europe is assumed
to be a flat space. This corresponds to a distribution with all
locations within the modelled domain having equal relative
carrying capacity values.
In the second of the environmental scenarios, instead of
treating Europe as a flat space, we have taken information on
estimated population densities during the Aurignacian from
Bocquet-Appel et al. (2005) to inform on carrying capacities
for the modelled domain, shown in Fig. 8.1. Bocquet-Appel
et al. used databases of archaeological sites corresponding
to the Upper Palaeolithic period, together with simulated
climatic variables and ethnography of hunter-gatherers, to
estimate the distribution of hunter-gatherer populations in
Upper Palaeolithic Europe.
The original estimate of population density, shown in
Fig. 8.1 for the Aurignacian period, was not made avail-
able, so the distribution used in this study is approximated
based on the original figure. Since we are concerned with
distributions rather than exact numbers estimated in the
original study (Bocquet-Appel et al. 2005), this estimate
is normalised to give relative distributions. The normalised
distribution is used in simulations as the relative carrying
capacity value for each location.
In both scenarios, the potential, or target, population
density for each location is calculated as the product of the
relative carrying capacity value at that location and the Gmax
parameter, which specifies the total maximum number of
groups that the modelled domain can sustain. We treat this
as an unknown parameter and explore a range of values.
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Fig. 8.1 Estimate of the regional
distribution of the metapopulation
of hunter-gatherers during the
Aurignacian period of the Upper
Palaeolithic in Europe,
superimposed on the IOS3
project maps. The boundaries (in
black) of the accretion zones,
with the corresponding numbers,
account for roughly 90 % of the
distribution of the local
population (Image and edited
caption from (Bocquet-Appel
et al. 2005)
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8.2.2.2 Demographic Processes
Each simulation is initialised with a fixed number of groups,
G0, placed in randomly chosen habitable locations in the
modelled domain; all attributes and processes are defined at
the level of the group, rather than individuals in that group,
and groups are assumed to be the same size. Groups mi-
grate locally and undergo fission/extinction processes. These
demographic processes are analogous to an isolation-by-
distance model in population genetics (Wright 1943; Slatkin
1993).
Migratory Processes
At each generation groups are subjected to migratory pro-
cesses modelled as parameterised Gaussian random walks.
The distance each group traverses in a migration process
is picked from a normal distribution with mean !mig and
standard deviation "migD dmig. Positive and negative values
picked from the distribution correspond to movement in op-
posite directions, namely East andWest and North and South,
respectively. The mean of the distribution is therefore set to
!migD 0 to ensure that movement in opposite directions is
equally likely. Parameter dmig corresponds to the standard
deviation, or width, of the normal distribution and specifies
the range of values that the migration distance is most likely
to take in each of the East-West and North-South directions.
We treat dmig as an unknown parameter and explore a range
of values.
The distance travelled by each group at each generation
in the East-West and North-South directions is picked in-
dependently from the above-described normal distribution.
The distance, d, and direction, # , that define each group’s
movement are given by:
d D
r!
$x
"2 C .$y/2; and (8.1)
# D arctan 2 .$x; $y/ ; (8.2)
where arctan2 corresponds to a variant of the arctan function
that takes into account the sign of both vectors in question
and distinguishes diametrically opposite directions, therefore
specifying unique angle values in the range (0, 2 ).
The new proposed position of each group is then calcu-
lated based on the group’s current location, the distance, d,
and the direction, # , of movement. If the longitude and lati-
tude of the group’s current positions are &current and 'current,
respectively, and the same for the group’s new locations are
&new and 'new, respectively, then:
'new D sin!1
#
sin .'current/ ! cos
#
d
R
$
C cos .'current / ! sin
#
d
R
$
! #
$
; (8.3)
&new D &current C arctan 2
#
cos
#
d
R
$
C cos .'current/ ! sin
#
d
R
$
! #; cos
#
d
R
$
" sin .'current/ ! sin .'new// : (8.4)
These formulae are introduced to allow for the curvature
of the Earth when calculating the new group positions.
Although the curvature of the Earth has little effect in the
current framework, as the migration distance d is small
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relative to the radius of the Earth (denoted R and assumed
to be constant at 6,371 km) using these formulae ensures
that the model can be applied accurately with arbitrarily large
migration distances.
Fission/Extinction Processes and KDE
In addition to the migratory process undergone at each
generation, each group also undergoes a fission/extinction
process with parameterised probability. The probability that
a group undergoes a fission/extinction process is given by the
probability of fission/extinction parameter, pf/e; we treat this
parameter as an unknown and explore a range of values. The
type of process that a selected group undergoes is determined
by the difference between target and current local population
density at the group’s location (i.e. fission or extinction).
The difference between target and current local population
density is an indicator of potential for growth; a positive
value indicates that the location is below carrying capacity
(i.e. the target local population density is greater than the
current local population density—the location is under-
populated and so there is potential for growth) and therefore
results in a fission event, while a negative value indicates
that the location is above carrying capacity (i.e. the target
local population density is smaller than the current local
population density—the location is over-populated and so
there is no potential for growth) and therefore results in
an extinction event. The population density at the current
generation is estimated from the group locations using kernel
density estimation (Wand and Jones 1995).
An extinction event results in the group being deleted
from the simulation, while a fission event results in a repli-
cation such that two groups, the parent and offspring, are
present in the next generation. The offspring group retains
the cultural traits of the parent group (i.e. the offspring
group is an exact replica of the parent group, except for
any mutation events), analogous to identity-by-descent in
population genetics. In subsequent generations, the parent
and offspring groups migrate and undergo fission/extinction
processes independently, and their respective cultures also
evolve independently.
8.2.2.3 Cultural Processes: Modelling Ethnic
Diversity
Axelrod’s Model of Cultural Dissemination
The models developed in this study simulate innovation in
culture and so require the concept of culture to be mathe-
matically defined. For this purpose we have used an adapted
version of Axelrod’s definition (Axelrod 1997) in which the
culture of an agent (an individual or a group of individuals)
is defined to be a set of attributes that are subject to social
influence. In Axelrod’s definition, the culture of an agent
consists of some number of these attributes, referred to as
cultural features, and each can assume one of a predefined
number of values, referred to as traits, thus, each agent is
monomorphic for each cultural feature. In this definition, the
culture of an agent is then described as a list of digits, with
the position of a digit corresponding to the feature and the
value of a digit specifying the current trait for that feature.
In Axelrod’s definition, the trait—or value that a feature
takes—is assigned at the start of the simulation and is only
influenced by social interactions (i.e. it does not undergo any
mutation processes).
In Axelrod’s formulation, social interactions are con-
strained to occur only between agents that are immediate
neighbours. The simulations occur on a square lattice with
agents arrayed at discrete points over the lattice. Most agents
therefore have four immediate neighbours, with those on the
edge of the lattice having three and those in the corners
having two immediate neighbours. Also in Axelrod’s model,
the probability of an interaction between two agents is
proportional to the cultural similarity between them. This
similarity is quantified as the proportion of their features that
have the same trait. The interaction then consists of an agent,
and an immediate neighbour to that agent, being chosen at
random. A single feature on which the chosen agent’s culture
and the neighbour’s culture differ is selected at random, and
the value of this feature (trait) in the chosen agent’s culture is
set to the value of the same feature in the neighbour’s culture.
This formulation is a good basis; however, it is very
limited in diversity of cultural features and traits and is
inadequate to capture the high dimensionality of the observed
data used in the current study (Vanhaeren and d’Errico 2006).
In addition, over long chronological periods such as those
simulated here, it is necessary to consider the effect of
cultural mutation and drift processes. This definition must
therefore be modified so that it can be applied to the current
problem.
Observed and Simulated Datasets
The observed dataset (Vanhaeren and d’Errico 2006) con-
sists of 157 distinct bead types recorded at 98 Aurignacian
sites in Europe and the Near East, with records specifying
presence/absence of distinct bead types in sites only. These
distinct bead types are divided between 11 features according
to different raw materials, with “62 representing ornaments
made of shells, 31 of teeth, 30 of ivory, 11 of stone, 11 of
bone, 7 of deer antler, and one each of belemnite, nummulite,
ammonite, sea urchin and amber” (Vanhaeren and d’Errico
2006).
In the models developed in this study, we have adapted
Axelrod’s definition of culture described above so that each
agent, in our case a group, is polymorphic for each cultural
feature. To allow for this, each group carries a parameterised
number of items, or beads, in its cultural repertoire, specified
by the Nitems parameter, treated as an unknown and chosen
at the onset of each simulation from a pre-defined range of
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values. These items are then divided between the 11 features
probabilistically (using a multinomial function), such that
the probability of an item being assigned to a particular
feature is proportional to the ratio of unique items observed
in that feature and the total number of unique items observed
(39.5 % shells, 19.7 % teeth, 19.1 % ivory, 7 % stone,
7 % bone, 4.5 % deer antler, and 0.6 % each for belemnite,
nummulite, ammonite, sea urchin and amber). Within each
feature, each item can then take one of a number of unique
possible values, corresponding to the number of distinct
bead types for that feature in the observed ornament data
(Vanhaeren and d’Errico 2006).
Mutation and Drift
The culture of each group undergoes mutation and drift
processes at each generation, such that the culture of each
group at the next generation will be the combined result of
mutation and drift processes acting on the culture of that
group at the current generation. In addition to testing various
environments as described above, two different models of
cultural variation have been considered; in each simulation
data is simulated under only one of these two cultural
variation models.
In the first, mutation is modelled according to the bounded
stepwise model often used to model mutations at microsatel-
lite loci in population genetics (Kimura and Ohta 1978;
Valdes et al. 1993), and occurs at each generation for each
item in each group’s culture with probability proportional to
the pmut parameter. We treat this parameter, which specifies
the probability of mutation, as an unknown and explore
a range of possible values. Under this stepwise mutation
model, a cultural trait in a particular feature at the current
generation is constrained to mutate to one of the cultural
traits on either side of it, within that feature, at the next
generation—mutation therefore changes the frequency with
which each trait occurs in the next generation. In this case,
we assume that cultural traits are ordered in such a way that
adjacent traits are more similar than traits that are further
apart in the sequence. Since cultural traits considered in this
study are discrete and fixed (i.e. one trait cannot morph into
another trait), this stepwise mutation model corresponds to
a group being more likely to add an item to its cultural
repertoire that is morphologically similar to one that is
already present in its cultural repertoire than one that is very
different. Similarly to population genetics, cultural mutation
has the effect of increasing diversity.
In the second, mutation is discrete within the bounds
of each feature. Similarly to the stepwise mutation model,
in this bounded discrete model mutation occurs at each
generation for each item in each group’s culture with prob-
ability proportional to the pmut parameter. This parameter
again specifies the probability of mutation; it is treated as an
unknown and a range of possible values are explored. Under
this mutation model, however, a cultural trait in a particular
feature at the current generation is permitted to mutate to
any of the other cultural traits within that feature with equal
probability at the next generation. The mutation process
again changes the frequency with which each trait occurs in
the next generation and has the effect of increasing diversity.
Drift has the opposite effect and decreases the amount
of diversity in each group’s culture. It is modelled based
on genetic drift, where allele frequencies change as a result
of random differences in reproduction; in finite populations
drift corresponds to the intergeneration sampling error (see,
for example, Tishkoff and Verrelli (2003)). The drift process
is modelled by using a multinomial function to sample the
traits of each cultural feature independently. This implemen-
tation takes into account frequencies of cultural traits in the
current generation, such that, for a particular group, cultural
traits that are at higher frequencies in the group’s culture at
the current generation are more likely to be present in the
group’s culture at the next generation.
Depositing Cultures in Sites
Locations of sites in the model are defined to correspond
to the locations of the archaeological sites in the observed
data (Vanhaeren and d’Errico 2006). A group will deposit its
culture at a site when within a specified geographic distance
of that site. This catchment distance is initially set to be equal
for all sites, with the further constraint that if two groups are
within the catchment distance then the group closest to the
site will be the one to deposit its culture there.
The distance measure used to calculate the distance
between group locations and archaeological sites is the
geodesic distance, which is the aerial path between two
points, also called the as-the-crow-flies, great-circle or
orthodromic distance. To account for curvature of the Earth,
geographic distances are calculated using the Haversine
Formula (Sinnott 1984). This calculates the great-circle
distance between two points on a sphere given their
respective longitudes and latitudes. If the longitude and
latitude of the points are !1 and "1 for point one and !2 and
"2 for point two, respectively, and:
#! D !1 ! !2
2
; (8.5)
#" D "1 ! "2
2
; (8.6)
then the distance, D, between the two points is calculated as:
D D 2R sin!1
!"
sin2 .#!/C cos .!1/ " cos .!2/ " sin2 .#"/
# 1
2
$
;
(8.7)
where R is the radius of the Earth, assumed to be constant at
6,371 km.
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Each site is assigned an item capacity, which corresponds
to the number of items recovered from that site as reported
in the original study (Vanhaeren and d’Errico 2006). When
a group comes within the specified distance for a particular
site, a number of unique items, equal to the item capacity for
that site, are selected probabilistically (using a multinomial
function so that trait frequencies are taken into account) from
the group’s entire culture to be deposited at the site—this
corresponds to one copy of each cultural trait that is selected
being deposited at the site. The original dataset contains
presence/absence records of distinct bead types only, so spec-
ifying the item capacity and ‘uniqueness’ of items deposited
at each site in simulations should theoretically minimise
archaeological and sampling bias. A group arriving at a site
at which a deposit has previously been made will deposit its
culture at that site and overwrite the existing deposit only if it
comes within closer proximity to that site than the last group
that deposited its culture there.
Simulated material culture data deposited at the locations
of the archaeological sites in the observed data (Vanhaeren
and d’Errico 2006) are collected at the end of each simula-
tion, which corresponds to the end of the Aurignacian period.
Cultural Interactions
A pair of groups will interact if they are within a param-
eterised geographical distance, dint, of each other; we treat
this parameter as an unknown and explore a range of values.
As above, the distance between groups is calculated as the
geodesic distance and the Haversine Formula (Sinnott 1984)
is used to account for curvature of the Earth. Two cultural in-
teraction processes are modelled in this framework—conflict
and sharing—and a pair of interacting groups will undergo
one of these two processes.
The outcome of a conflict process is the replacement of
the culture of one group by that of the other. To model
this, we assign one in each pair of interacting groups as a
winning, and one as a losing group, and replace the culture
of the losing group entirely by that of the winning group.
The decision on which is assigned to be the winning group,
and which the losing group, is made at random due to
the assumption that the aspects of material culture we are
considering (personal ornamentation) do not have an effect
on, and are not a proxy for, group fitness. Additionally, since
groups are modelled such that they are the same size, group
size cannot be used as a proxy for group fitness. The conflict
interaction process is analogous to a group imposing its
culture on a group that they have defeated, or, alternatively,
assimilating the defeated group into their own, followed by a
fission process.
The other interaction process considered is sharing of
cultures between interacting groups. Sharing is modelled
by permutation, whereby the cultures of the two interacting
groups are pooled, permuted and then divided between the
two. This is analogous to culturally similar groups swapping
cultural traits.
8.2.2.4 Null and Culture-Dependent Interaction
Models
The Null Model and Culture-Dependent Interaction Model
are both models of cultural identity-by-descent with mod-
ification and isolation-by-distance, and are made up of the
demographic and cultural processes described above.
The difference between the two models lies in the method
of deciding which type of interaction will occur between two
interacting groups. In the Null Model, the type of interaction
is decided at random; groups are equally as likely to share
material culture as they are to undergo conflict. The Null
Model is therefore a scenario in which group interactions
are independent of similarities or differences in groups’
ornamental material cultures. Conversely, in the Culture-
Dependent Interaction Model, the type of interaction is de-
cided probabilistically and depends on the extent of cultural
similarity between the two interacting groups; groups that are
relatively culturally similar are more likely to share cultures
while those that are relatively culturally different are more
likely to undergo conflict. The main aim of this study is to
test which of these two models best explains the observed
spatial distribution of ornament types in the archaeological
record; the latter is intended to represent the effects of ethnic
structuring on the spatial distribution of material culture.
Measures of Cultural Similarity
The extent of cultural similarity between a pair of interacting
groups is quantified differently depending on which of the
models of cultural variation described above is considered. In
simulations that follow the stepwise mutation model, the ex-
tent of cultural similarity is quantified using a measure akin
to the (ı!)2 measure used to quantify the genetic similarity
between populations using microsatellite data (Goldstein
et al. 1995a, b). We define this cultural (ı!)2 measure as:
.ı!/2 D
X
i
X
j
.i ! j /2xiyj
! 1
2
24X
i
X
j
.i! j /2xixjC
X
i
X
j
.i ! j /2yiyj
35 ;
(8.8)
where xi and yj are frequencies of traits i and j in (interacting)
groups x and y respectively. This measure therefore quantifies
the cultural similarity between the two interacting groups by
taking into account the frequencies with which all traits occur
in their respective cultural repertoires—this measure does
not discriminate between differences in cultural features. The
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calculated value of (ı!)2 is normalised by the maximum
(ı!)2 recorded up to that generation of that simulation,
giving a measure of cultural similarity that is relative to the
maximum measured cultural similarity.
In simulations that follow the non-stepwise mutation
model, the extent of cultural similarity between a pair of
interacting groups is quantified using a measure akin to
the FST measure used to quantify the genetic similarity
between populations using allele frequency data (Wright
1978; Cavalli-Sforza et al. 1996). We define the cultural FST
measure as:
FST D HT !HS
HT
: (8.9)
In this definition, HT is the amount of variation in all traits
in the whole population (considered to be the two interacting
groups) and is defined as:
HT D 1 !
X
i
pi
2; (8.10)
where pi is the average frequency of trait i calculated over
the two interacting groups. HS is the amount of variation
between traits within each group (calculated separately for
each of the two interacting groups); HS is the average of HS
calculated over the two interacting groups. HS is defined as:
HS D 1 !
X
i
pi
2; (8.11)
where pi is the frequency of trait i. Similarly to the (ı!)2
measure discussed above, the FST measure takes into account
the frequencies with which all traits occur in the cultural
repertoires of the two interacting groups—as with the (ı!)2
measure, this measure does not discriminate between dif-
ferences in cultural features. It is therefore an estimate
of the proportion of the total variation in a set of traits
that is the result of between-group differences (Bell et al.
2009). Similarly again to (ı!)2, the calculated value of FST
is normalised by the maximum FST recorded up to that
generation of that simulation, giving a measure of cultural
similarity that is relative to the maximum measured cultural
similarity.
The relative values of (ı!)2 (bounded stepwise mutation
model) and FST (bounded discrete mutation model) can
take values between 0 and 1 and are treated as probabili-
ties to decide which of the interaction processes described
above occurs between the two interacting groups; a value
of 0 indicates that the two groups have identical cultural
repertoires and are therefore more likely to share cultures,
while a value of 1 indicates complete cultural difference and
indicates that the two groups are more likely to undergo
conflict.
8.2.2.5 Models, Model Parameters and Prior
Ranges
Given that one of two environmental scenarios and one of
two models of cultural variation are considered for each sim-
ulation in both the Null Model and the Culture-Dependent
Interaction Model, data is simulated under eight distinct
scenarios. These are summarised in Table 8.1. The acronym
and text colour associated with each model correspond to
those used in Fig. 8.2 for that model.
In total there are six parameters that govern the processes
considered in the Null and Culture-Dependent Interaction
Models. Both models have 4 key processes: migration, fis-
sion/extinction, cultural mutation and cultural interaction,
governed by 4 parameters: dmig, pf/e, pmut and dint, respec-
tively. In addition to these, there are two further parameters in
both models, namely the maximum number of groups, Gmax,
and the number of items in each group’s culture, Nitems.
There is little information in the archaeological record
relating to the precise values that these parameters may take.
Each parameter is therefore constrained to a uniform prior
range, with the value of each parameter in each simulation
randomly assigned from this uniform prior. Prior ranges for
each parameter are listed in Table 8.2.
8.2.3 Analysis
Once a large number of simulations have been performed
under the models described above, the objective of the data
analysis is to quantify the extent of similarity between ob-
served and simulated material culture data. To do this, ABC
techniques are used to compare the differences in goodness-
of-fit between the observed data (Vanhaeren and d’Errico
2006) and data simulated by different proposed models. To
be able to compare the observed and simulated datasets,
robust statistics that sufficiently describe the full properties
of the data, referred to as summary statistics, are used.
Summary statistics used in this study are discussed in detail
Table 8.1 Summary of combinations of environmental scenarios and
cultural variation models under which data is simulated in both the Null
Model and Culture-Dependent Interaction (CDI) Model
Environmental
scenario
Cultural
variation model
Flat space
(FLAT)
Bocquet-Appel et al.
(2005) distribution
(B-A)
Bounded stepwise
mutation model
(SW)
Null model - - - - -
CDI model 
Null model - - - - -
CDI model 
Bounded discrete
mutation model
(DIS)
Null model - - - - -
CDI model 
Null model - - - - -
CDI model 
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Fig. 8.2 Relative marginal
likelihood estimates (y-axis) of
each Null Model (dashed lines)
and Culture-Dependent
Interaction Model (solid lines)
for each percentage (x-axis) of
closest simulations, taking into
consideration 2,680,000
simulations (335,000 simulations
for each Null Model and
Culture-Dependent Interaction
Model)
Table 8.2 Model parameters and their prior ranges, for both the Null
Model and the Culture-Dependent Interaction Model
Prior range
Parameter Null Model
Culture-Dependent
Interaction Model
Migration distance (km) dmig [0,100] [0,100]
Probability of
fission/extinction
pf/e [0, 1] [0, 1]
Probability of cultural
mutation
pmut [0, 0.2] [0, 0.2]
Number of items Nitems [500, 1,500] [500, 1,500]
Maximum number of
groups
Gmax [50, 1,000] [50, 1,000]
Interaction radius (km) dint [0, 50] [0, 50]
in Appendix 3: Summary Statistics. By comparing summary
statistics calculated for each simulated dataset to those for
the observed data, this method allows us to accept those
simulations with summary statistics sufficiently close to the
target summary statistics—these are the best simulations,
that is, those generating data most similar to the observed
data.
Another useful feature of this approach is the ability to
formally compare the performance of different models using
Bayes Factors (Kass and Raftery 1995). In short, a Bayes
Factor is a summary of the evidence provided by the data in
favour of one model over another; this is further discussed
in Appendix 4: Bayes Factors for Model Comparison. What
we are estimating in this study are the relative marginal
likelihoods of each proposed model given the data. More
explicitly, given modelsM1 andM2 that we want to compare,
their respective relative marginal likelihoods l1 and l2 are
defined as:
l1 D N1
N
; and (8.12)
l2 D N2
N
; (8.13)
where N1 and N2 are the number of simulation that come
from models M1 and M2, respectively, and N (DN1CN2)
is the total number of simulations considered; the relative
marginal likelihood of each model is defined to be the pro-
portion of total number of simulations considered that come
from that model. This is therefore a measure of which model
explains the observed data better, given that N simulations
are considered.
This form of model comparison is independent of the
number of parameters for each model, and instead estimates
the likelihood of the model considering all possible param-
eter values. In cases where models with different numbers
of parameters are compared, this method automatically and
correctly penalises model complexity; for models with a
large number of parameters there is a larger parameter
space to explore and so it is more difficult to find those
parameter sets that generate data similar to the observed
data. Models with more parameters are therefore penalised
for the increased complexity compared to simpler models,
resulting in a comparison weighted by model complex-
ity. Such an approach prevents us from overfitting—from
invoking parameters to explain aspects of the data that
are in fact due to randomness. However, in this particu-
lar study the number of parameters is equal in all mod-
els.
8.2.4 Results
Results shown are from 335,000 simulations for each of
the Null and Culture-Dependent Interaction Models. For
the relative marginal likelihood estimation, results for the
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eight models are considered together; a total of 2,680,000
simulations are therefore taken into account. In this analysis,
we estimate the relative marginal likelihood of each model,
taking into account the extent of similarity between simu-
lated and observed data (Vanhaeren and d’Errico 2006).
Figure 8.2 is a plot of the estimated relative marginal
likelihood of each version of the Null Model (dashed lines)
and Culture-Dependent Interaction Models (solid lines) at
different thresholds. It shows what proportion (y-axis) of
the best simulations—those generating data most similar to
the observed data—are coming from each model for each
percentage (x-axis) of closest simulations. The colours refer
to the combination of the environmental scenario and the
model of cultural variation considered, as detailed in Ta-
ble 8.1. Since the plot depicts proportions, for any particular
percentage of closest simulations (i.e. for any particular
value on the x-axis), the sum of the proportions of the
closest Euclidean distances coming from each model (i.e.
the sum of the values on the y-axis) will always be 1. The
relative marginal likelihood estimates of each version of Null
Model and Culture-Dependent Interaction Model for 0.1 %
of closest simulations (i.e. Fig. 8.2, xD 0.1) are also detailed
in Table 8.3.
Figure 8.2 indicates that, for all scenarios modelled (sce-
nario here referring to a pairwise combination of an en-
vironmental scenario and a model of cultural variation as
explained in Models, Model Parameters and Prior Ranges),
there is little difference in how well the Null Model and
Culture-Dependent Interaction Model perform. The best fits
of simulated to observed data are generated by data simulated
under the scenario that combines the bounded discrete muta-
tion model and the environmental scenario in which Europe
is assumed to have a flat distribution of carrying capacities
(represented by orange lines in Fig. 8.2), with approximately
38.4 % of the best 0.1 % of simulations coming from each
the Null Model (dashed orange line) and Culture-Dependent
Interaction Model (solid orange line).
Table 8.3 Relative marginal likelihood estimate of each Null Model
and Culture-Dependent Interaction (CDI) Model for 0.1 % of closest
simulations
Environmental
scenario
Cultural
variation model
Flat space
(FLAT)
Bocquet-Appel et al.
(2005) distribution
(B-A)
Bounded stepwise
mutation model
(SW)
Null model: 4.0%
CDI model: 3.2%
Null model: 1.6%
CDI model: 1.6%
Bounded discrete
mutation model
(DIS)
Null model: 38.4%
CDI model: 38.4%
Null model: 6.8%
CDI model: 6.0%
8.2.5 Discussion and Extensions of Simulated
Model
This study does not support the hypothesis that Aurignacian
populations in Early Upper Palaeolithic Europe were ethni-
cally structured in a manner related to ornamental material
culture. The spatially explicit simulation models and ABC
analysis presented here, conditioned on the data presented
by Vanhaeren and d’Errico (2006), indicate that there is little
difference between the simple scenario of cultural identity-
by-descent with modification and isolation-by-distance, and
the more complex one that, in addition, invokes cultural
group interaction processes that would be expected if mate-
rial culture was symbolically marking ethnic group identity.
Prior to discussing the results presented above, it is
important to note that any scenario considered will only be
relatively better or worse than any other scenario considered;
it is not possible to rate how good a scenario is absolutely.
Considering the results firstly in view of the two envi-
ronmental scenarios used to condition the demography of
the simulation space, we see that there is no improvement
in the fit of simulated to observed data when conditioning
simulations on the distribution from the Bocquet-Appel et al.
study (Bocquet-Appel et al. 2005) rather than the scenario
in which Europe is assumed to have a flat distribution of
carrying capacities (i.e. Europe is assumed to be a flat space).
Indeed, for each of the two mutation models considered,
simulations in which the demography is conditioned on
the latter environmental scenario generate a better fit to
the observed data. Since this latter scenario is clearly not
realistic, this result implies that both environmental scenarios
used to condition the demography of the simulation space
in this study are unrealistic; this is further discussed as a
caveat of the current modelling framework below, along with
suggestions for possible improvements.
Analysing the results now in view of the two mutation
models considered, we see that, regardless of the assumed
environmental scenario, data simulated under the bounded
discrete mutation model generate a better fit to observed data
than that simulated under the bounded stepwise mutation
model. Although this result requires further investigation, it
could be speculated that this suggests that, in the context
at least of group interactions, there is little scaling of item
similarity in material culture repertoires; little or no scaling
of item similarity implies that a particular item would have
been treated as either the same as or different to items already
in the repertoire.
The fact that the best fits of simulated to observed data are
generated by data simulated under the scenario that combines
the bounded discrete mutation model and the environmental
scenario in which Europe is assumed to be a flat space, and
that these are a far better fit than any of the other scenarios
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considered, implies that both the assumed mutation model
and the assumed environmental model strongly drive the fit
of simulated to observed data. Although we are cautious
about interpreting the following, it is interesting to note that
the assumed mutation model makes a bigger difference than
the assumed environmental scenario to the fit of simulated to
observed data, suggesting that continuously scaled cultural
similarities were not important in distinguishing inter-group
identity.
This study is a work in progress and there are several
caveats, discussed below, which should be taken into consid-
eration when interpreting our results, but these methods offer
the opportunity to formally investigate whether observed
material culture distributions are better explained under the
assumption that ethnic structuring exists and that identities
reflected in ornamental material culture influence how people
interact.
It should be noted that, for the ABC approach adopted
here, the number of simulations per model is relatively small
and may not be enough to adequately explore the parameter
space considered; for this reason, the number of simulations
performed under each combination of environmental sce-
nario and cultural variation model should be systematically
increased.
The culture transmission process used in this framework
assumes neutrality in that bead types are not assumed to
differentially affect group fitness. A number of authors have
been unable to reject neutrality using cultural transmission
models (Neiman 1995; Steele et al. 2010); however, this
may be due to the lack of statistical methods available to
test for deviations from neutrality. Tests for deviations from
neutrality have only been carried out on post-Palaeolithic
datasets and have not been applied in a Palaeolithic context.
However, there is certainly no a priori reason why use of
different bead types should differentially affect group fitness.
As detailed in the description of the framework above,
each group in the simulation deposits its material culture at
the locations of the archaeological sites in the observed data
(Vanhaeren and d’Errico 2006) and overwrites any existing
deposits in the site if it comes within closer proximity
to that site than the last group that deposited its culture
there. The simulated material culture data is therefore a
collection of items selected from different groups’ material
cultures (each of which is the result of mutation, drift and
cultural interaction processes) and deposited at different
points throughout the time period of interest; the process
of a group depositing its culture is only dependent on the
geographic distance between the group and the location
of the site and deposits are made with equal probability
throughout the simulation. Each site is considered to be
single occupancy—only the material culture of the last group
that deposited at a particular site is considered. Assuming
that each site is single occupancy may be misleading since
the observed data (Vanhaeren and d’Errico 2006) cannot be
chronologically resolved and some sites may feature multiple
layers that were deposited thousands of years apart within
the period of interest. To address the inconsistency of this
assumption with the cumulative aspect of the archaeological
record, the depositing process could be modified such that,
instead of overwriting previous deposits at a particular site,
a group depositing its culture at that site would simply add
its entire culture, including information on the frequency
of each trait, to the existing deposits. At the end of the
simulation, a number of unique items, equal to that recovered
from the site as reported in the original study (Vanhaeren
and d’Errico 2006), could then be selected probabilistically
(using a multinomial function so that trait frequencies are
taken into account) for each site, such that the probability of
an item being selected is proportional to the frequency with
which it is occurs in that site.
The two environmental scenarios used to condition the
demography of the simulation space in this study are not
realistic. In the first scenario Europe is assumed have a flat
distribution of carrying capacities; this is clearly a simplistic
and unrealistic view since topographic and climatic variation
within the geographic region considered during the time
period of interest would have had an impact on differences
in habitability, and therefore the carrying capacity values,
of different geographic locations at different points in time
throughout the time period of interest. In the second scenario,
information on estimated population densities is taken from
the Bocquet-Appel et al. (2005) study to inform on carrying
capacities. The reported geographic distribution and relative
estimates of Upper Palaeolithic population size are an in-
dicative starting point; however, the study itself could be
considered somewhat controversial since the millennial scale
climatic variation observed during the time periods that are
considered is not taken into account. The geographic region
during the time period of interest in the current study is
characterised by a number of rapid climatic changes (Banks
et al. 2008) and it is therefore unrealistic to consider the
environment, and the resulting potential population densities,
static for the entire duration of a simulation.
Since these environmental scenarios are unrealistic, future
work could consider how the results are affected when sim-
ulations are dependent on modelled environments that take
into account the climatic variability across the geographic
region considered during the time period of interest. This
could be achieved by using simulated Palaeoclimate data to
inform on the relative carrying capacity values, and therefore
potential population densities, of locations in the region of
interest. Since Palaeoclimate data are available at different
time points throughout the time period of interest, this
approach would allow us to take into account the observed
climatic variability by updating the carrying capacities in
the modelled domain throughout the simulation. On way
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of doing this would be to use Palaeoclimate data (Banks
et al. 2008; Singarayer and Valdes 2010) to approximate
Net Primary Productivity values for each location in the
region of interest, following the precedent set by Eriksson
et al. (2012). Net Primary Productivity provides a proxy for
food availability and has been shown to be a predictor of
demographic patterns in ecological studies (Binford 2001;
Luck 2007) it is therefore an informative proxy for carrying
capacity values, and thus potential population densities.
Group migrations could be conditioned on topographic
roughness by using Topographic Roughness Index values
calculated at the required resolution for the geographic area
of interest using high-resolution (3 arc-sec or 90 m) ele-
vation data (Jarvis et al. 2008). In this case, the value of
the Topographic Roughness Index at a particular location
would effectively scale the distance that a group can travel
at that location; at locations with low values of the index
(low topographic roughness) migrations would be relatively
easier, while at locations with high values of the index (high
topographic roughness) migrations would be relatively more
difficult.
Additionally, migratory processes could be modelled as
parameterised Lévy random walks, instead of as parame-
terised Gaussian random walks as presented above. Lévy
walks are a type of random walk in which movement dis-
tances follow power-law distributions, and studies (Brown
et al. 2007; Raichlen et al. 2014) looking at foraging patterns
in human hunter-gatherer populations have suggested that
Lévy walks are the optimal movement pattern when foraging
for heterogeneously located resources (with little or no prior
knowledge of resource distribution patterns). With this in
mind, migratory processes in this study could be modelled
as parameterised Lévy random walks, with the distance that
each group traverses in a migration process selected from
parameterised power-law distributions.
More generally, we have to face up to the degree of ar-
chaeological resolution we have available. Just as we cannot
assume constant climatic conditions during the course of
the time period considered, with climatic fluctuations that
occurred during the approximately 13,000 years of the Au-
rignacian inevitably affecting regional population densities,
we cannot necessarily assume that the aggregate data set
we are dealing with represents interaction processes acting
uniformly over that period; it might represent a spurious
averaging of a variety of different processes. However, this
is not an argument against modelling approaches; such ap-
proaches are the only way we can get an insight into the
accumulated outcomes of iterated processes going on for
hundreds or thousands of years. It is instead an argument for
improving the archaeology of the time period, as well as for
further comparison. The results presented here would gain
further significance if they could be compared with those
from the subsequent Gravettian and later cultural periods
of the same region. Similarly, we may gain further insight
into group interaction dynamics during the Aurignacian by
comparing the results of the bead analysis (Vanhaeren and
d’Errico 2006) with patterns derived from similarities and
differences between lithic assemblages at the same sites.
8.3 General Discussion and Conclusions
Many fields, including archaeology, are becoming increas-
ingly systematic and interdisciplinary through integration
of traditional methods with techniques developed in other
fields. Simulation modelling involves the use of theory de-
veloped for problems in physical and biological sciences and
allows archaeologists to propose and test explicit hypotheses
in order to address longstanding archaeological and anthro-
pological questions. Our paper has demonstrated a novel and
rigorous approach to a topic of major interest, namely the
role of social structuring in archaic humans. As pointed out
above, the appearance of personal ornaments has long been
considered a distinctive feature differentiating Neanderthals
and anatomically modern humans. While that may be the
case, our results show that we have to be careful of making
the further inferential step of assuming that this reflects
ethno-linguistic structuring specific to anatomically modern
humans. As Kuhn (2013, p. 208) points out, apparently
complex large-scale phenomena can arise “as a function
of simple transmission rules operating on bounded social
networks”, thus other, and simpler, processes accounting for
the observed patterning need to be considered and rejected.
Simulation modelling within the Bayesian ABC framework
provides a means of doing this.
As far as we are aware, the approach reported here has not
been attempted when considering archaeological evidence
for ethnic structuring. We fully accept that there are strengths
and weaknesses to this approach, just as there are with
other approaches, and these should be considered when
interpreting and comparing these results to those of others.
Given that there is, to the best of our knowledge, little or no
representation in the literature of explicit simulation mod-
elling approaches to questions of ethnic structuring, while
interpretative approaches are well represented, we believe
that this study begins to fill an important gap in the literature.
A simulation modelling approach is considerably more
complex and laborious to implement compared to the
interpretation of descriptive statistics or patterns in data
alone. It is, however, a formal scientific approach that
proposes a model with an explicit prediction of the
distribution of material culture data, and tests this formally
by comparing the simulated data to the observed data
for validation. Taking this approach necessitates reduced
models and these, by definition, will never fully describe the
complexity of the true processes that shaped the material
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culture data. However, the model building and testing
process is not a closed one; the previous section has already
indicated various ways in which aspects of the current model
could potentially be improved. None-the-less, the approach
adopted here is explicit and transparent and therefore less
likely to be influenced by the subjective biases that guide
interpretation (Gerbault et al. 2014).
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Appendices
Appendix 1: Bayesian Inference
and Approximate Bayesian Computation (ABC)
Bayesian inference is a branch of statistics that uses observa-
tions of particular datasets to infer the probability that a pro-
posed hypothesis, or a parameter of that hypothesis, is true.
To do this, various models with set numbers of parameters
are proposed, and the posterior probability distributions of
these parameters are inferred using information from prior
probability distributions of the parameters and information
provided by the observed data, through implementing Bayes
theorem. Bayes theorem states that, given parameter (or
set of parameters) ! and observed dataset D, the posterior
distribution of ! , denoted P(! jD), is proportional to the
product of the probability of observing datasetD given model
with parameter ! , denoted P(Dj! ), and the likelihood of
! , denoted "(! ), which is the distribution of ! prior to
any observations being made. Mathematically, this can be
written as:
P
!
!
ˇˇˇ
D
"
/ P
!
D
ˇˇˇ
!
"
! " .!/ : (8.14)
Since the explicit form of the likelihood P(Dj! ) is difficult
to compute in many complex problems, a family of Bayesian
methods, referred to as Approximate Bayesian Computation
(ABC), which do not require the likelihood function to be
theoretically specified, are used (Tavare et al. 1997; Fu and
Li 1997; Beaumont et al. 2002; Bertorelle et al. 2010).
In ABC techniques, a large number of datasets are sim-
ulated under a model assuming different, randomly chosen,
parameter values from within prior ranges, and appropriate
summary statistics are used to measure the extent to which
the simulated datasets emulate the observed data. Parameter
values under which the model generates datasets closest to
the observed data are retained in the posterior probability
distributions of the parameters.
To be able to compare the observed and simulated
datasets, robust statistics that sufficiently describe the full
properties of the data are used. These are called summary
statistics and those developed for the current framework are
discussed in detail in Appendix 3: Summary Statistics. By
comparing summary statistics calculated for each simulated
dataset to those for the observed data, we are able to accept
to the posterior those simulations with summary statistics
sufficiently close to the summary statistics for the observed
dataset, referred to as the target summary statistics. The
similarity ı between observed data, S, and simulated data, S’,
is calculated as the sum of normalised Euclidean distances
of individual summary statistics:
ı
#
S; S 0j
$ D
vuutXn
iD1
#
si " sij 0
$2
# .si 0/2
; (8.15)
where s and s’ are values of each of the summary statistics for
the observed and simulated datasets, respectively, subscript
i denotes the ith of n statistics, subscript j denotes the jth
of N simulations and # (si’) is the standard deviation of
the ith statistics over all N simulations. In performing the
data analysis, we regard the " quantile of the distribution of
distances between the observed and simulated data, ı(S, Sj’),
as the best simulations—those generating data most similar
to the observed data.
Appendix 2: Approximate Bayesian
Computation (ABC) Algorithm
Let M denote the chosen model and the set of parameters of
M be ! D (!1, : : : , !m). Let SD (s1, : : : , sn) and S’D (s1’,
: : : , sn’) denote the values of the summary statistics for the
observed and simulated datasets, respectively. Values SD (s1,
: : : , sn) are referred to as the target values for each of the
summary statistics. The ABC algorithm is applied as follows:
1. Define a set of summary statistics that capture relevant
information contained in the observed dataset.
2. Compute summary statistics values SD (s1, : : : , sn) for
the observed dataset—these are the target values.
3. Sample parameters !*D (!1*, : : : , !m*) from an appro-
priate prior distribution.
4. Simulate data by using parameter !* set with model M.
5. Compute summary statistics values S’D (s1’, : : : , sn’)
for the simulated data.
6. Compute ı(S, S’), where ı is an appropriately chosen
distance measure.
7. For a chosen tolerance ", retain parameter set !* in the
posterior distribution of ! if ı(S, S’)<".
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8. Repeat steps 1–7 until the desired number of parameter
values have been accepted to the posterior distribution.
In order for ABC methods to be effective, appropriate
summary statistics that sufficiently describe the observed
dataset need to be developed and appropriate choices for the
distance measure, ı, and tolerance, ", must be made.
Appendix 3: Summary Statistics
As explained previously, to be able to compare simulated
and observed datasets using ABC methods, summary statis-
tics that capture the information contained in the observed
data must be developed. These should be robust statistics
and should describe sufficiently the full properties of the
observed dataset considered. For the current dataset, these
are:
– shared information between bead types and sites, respec-
tively
– mutual dependence between bead types and sites, respec-
tively
– diversity in the number of occurrences of different bead
types
– cultural diversity of sites as represented by the variation
in the number of distinct bead types recovered from each
sites
– spatial distribution of sites
For each of these statistics, we consider the values of the
mean and variance in the data analysis.
Shared Information (SI)
Shared information, denoted SI, is a statistic that measures
the extent of similarity between two variables. For measuring
the shared information between bead types, SI is defined to
be:
SI
!
ti ; tj
" D fifj
f
2
log
r .ti /C r
!
tj
"
r
!
ti ; tj
" ; (8.16)
where r(ti) and r(tj) denote the ratio of the number of
occurrences of bead types i and j to the total number of sites,
r(ti, tj) is the ratio of the number of concurrent occurrence
of bead types i and j to the total number of sites, fi and fj
represent the number of sites in which bead types i and j
occur, respectively, and f is the average number of times
any bead type occurs over all sites. In this case, SI measures
the similarity between pairwise bead types in terms of which
sites the are present in. When two bead types never occur in
the same site,
r .ti /C r
!
tj
" D r !ti ; tj " ; and (8.17)
SI
!
ti ; tj
" D 0: (8.18)
A similar equation can be used to measure the shared
information between sites:
SI
!
si ; sj
" D gigj
g2
log
r .si /C r
!
sj
"
r
!
si ; sj
" ; (8.19)
where r(si) and r(sj) denote the ratio of the number of sites
in which bead types i and j occur to the total number of bead
types, r(si, sj) is the ratio of the number of sites that share
bead types i and j to the total number of bead types, gi and
gj represent the total number of bead types present in sites
i and j, respectively, and g is the average number of bead
types occurring per site. In this case, SI measures the extent
of similarity between pairwise sites in terms of bead types
present in those sites. Similarly to above, if two sites have no
bead types in common,
r .si /C r
!
sj
" D r !si ; sj " ; and (8.20)
SI
!
si ; sj
" D 0: (8.21)
Mutual Information (MI)
The mutual information, MI, between two random variables
X and Y is a measure of the mutual dependence between
them. It is defined as:
MI .X IY / D
X
y2Y
X
x2X
p .x; y/ log
p .x; y/
p1.x/C p2.y/ ;
(8.22)
where p(x,y) denotes the joint probability of x and y (the
probability of x and y occurring together), and p1(x) and p2(y)
denote the marginal probabilities of x and y respectively (the
probabilities of the specified values of x and y occurring).
For the observed dataset in this study, setting X D ti
and Y D tj , where ti and tj correspond to the number of
occurrences of bead type i and j in all sites respectively,
allows the mutual information between all pairs of bead
types to be computed. Analogously, setting X D si and
Y D sj , where si and sj correspond to the total number of
bead types present in sites i and j respectively, allows the
mutual information between all pairs of sites to be computed.
In contrast to the SI statistic, which only examines the
common presences between sites or bead types, the MI
statistic examines both the common presences and common
absences. It therefore represents the dependence between the
pairwise vectors in question.
Mean Absolute Deviation (MAD)
The observed dataset shows large fluctuations both in the
number of bead types recovered at individual sites, and
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Fig. 8.3 Histograms of the number of occurrences of bead types (left)
and number of distinct bead types recovered from individual sites
(right) for the observed data
the number of times each particular bead type occurs, as
shown in Fig. 8.3. Assuming that this is not the result of
archaeological bias, these differences could be attributed to
cultural wealth at sites, and the preference for particular bead
types, respectively. To quantify this, the median absolute
deviation statistic, MAD, is used. It is a measure of the
variability of a random sample, and is defined to be:
MAD D median !ˇˇXi !medianj !Xj "ˇˇ" : (8.23)
Letting Xi D T D fi
f
, where fi represents the number of
sites in which bead type i occurs and f is the average number
of times any bead type occurs over all sites, theMAD statistic
is a measure the variability in the number of occurrences of
bead types. This can be thought of as a measure of variability
in the popularity of, or preference for, bead types.
Letting Xi D S D gig , where gi represents the total num-
ber of bead types present in site i and g is the average number
of bead types occurring per site, the MAD statistic measures
the variability in the number of beady types recovered. This
can be thought of as a measure of variability in the cultural
wealth recovered from sites.
Spatial Distribution of Sites (DR)
The extent to which sites share bead types may be a function
of the distance between those sites. It is logical to expect
that sites which are located near to each other share bead
types more frequently than those which are far apart. The
spatial distribution of sites can be explored by considering
Fig. 8.4 Density plots of the DR statistic for the original observed data
(top) and a random permutation of the same (bottom)
the average distance between sites sharing bead type i, d i ,
in relation to the average distance between all sites, d , as
follows:
DRi D d i
d
: (8.24)
DR therefore quantifies the spatial distribution of sites in
terms of the shared bead types between them. Figure 8.4
shows density plots for the original observed dataset (top)
and a random permutation of the same (bottom). The ob-
vious shift to the right in the density plot of the permuted
dataset implies that the distance between sites sharing a
particular bead type is on average larger if bead types
are randomly assigned to sites. For the original observed
dataset this implies that sites which are located closer to
one another on average share bead types more frequently
with each other than with sites that are further away, as
expected.
Appendix 4: Bayes Factors for Model
Comparison
Another useful feature of the ABC approach is the ability
to formally compare the performance of different models
using Bayes Factors (Kass and Raftery 1995). A Bayes
Factor is a summary of the evidence provided by the data in
favour of one model over another. Given modelsM0 andM1,
not necessarily with the same number of parameters, Bayes
Factor B is given by:
B D
P
#
M1
ˇˇˇ
D
$
P
#
M0
ˇˇˇ
D
$ D P
#
D
ˇˇˇ
M1
$
! .M1/
P
#
D
ˇˇˇ
M0
$
! .M0/
; (8.25)
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where !(Mi) is the prior probability of model Mi, P(Dj Mi)
is the probability of data D given model Mi and P(MijD) is
the posterior probability of the model, defined as:
P .Mi jD/ D
P
!
D
ˇˇˇ
Mi
"
! .Mi /
P.D/
; (8.26)
where P(D) is the unconditional marginal likelihood of the
data.
This form of model comparison is independent of the
parameters for each model, and instead calculates the proba-
bility of the model considering all possible parameter values.
This method automatically and correctly penalises model
complexity; for models with a large number of parameters
there is a larger parameter space to explore and so it is more
difficult to find those parameter sets that generate data similar
to the observed data. Therefore, models with more param-
eters are penalised for the increased complexity compared
to simpler models, resulting in a comparison weighted by
model complexity.
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Abstract
Background: Cytochrome P450 3A5 (CYP3A5) is an enzyme involved in the metabolism of many therapeutic drugs.
CYP3A5 expression levels vary between individuals and populations, and this contributes to adverse clinical
outcomes. Variable expression is largely attributed to four alleles, CYP3A5*1 (expresser allele); CYP3A5*3 (rs776746),
CYP3A5*6 (rs10264272) and CYP3A5*7 (rs41303343) (low/non-expresser alleles). Little is known about CYP3A5
variability in Africa, a region with considerable genetic diversity. Here we used a multi-disciplinary approach to
characterize CYP3A5 variation in geographically and ethnically diverse populations from in and around Africa, and
infer the evolutionary processes that have shaped patterns of diversity in this gene. We genotyped 2538 individuals
from 36 diverse populations in and around Africa for common low/non-expresser CYP3A5 alleles, and re-sequenced
the CYP3A5 gene in five Ethiopian ethnic groups. We estimated the ages of low/non-expresser CYP3A5 alleles using
a linked microsatellite and assuming a step-wise mutation model of evolution. Finally, we examined a hypothesis
that CYP3A5 is important in salt retention adaptation by performing correlations with ecological data relating to
aridity for the present day, 10,000 and 50,000 years ago.
Results: We estimate that ~43% of individuals within our African dataset express CYP3A5, which is lower than previous
independent estimates for the region. We found significant intra-African variability in CYP3A5 expression phenotypes.
Within Africa the highest frequencies of high-activity alleles were observed in equatorial and Niger-Congo speaking
populations. Ethiopian allele frequencies were intermediate between those of other sub-Saharan African and non-African
groups. Re-sequencing of CYP3A5 identified few additional variants likely to affect CYP3A5 expression. We estimate the
ages of CYP3A5*3 as ~76,400 years and CYP3A5*6 as ~218,400 years. Finally we report that global CYP3A5 expression
levels correlated significantly with aridity measures for 10,000 [Spearmann’s Rho= −0.465, p=0.004] and 50,000 years ago
[Spearmann’s Rho= −0.379, p=0.02].
Conclusions: Significant intra-African diversity at the CYP3A5 gene is likely to contribute to multiple pharmacogenetic
profiles across the continent. Significant correlations between CYP3A5 expression phenotypes and aridity data are
consistent with a hypothesis that the enzyme is important in salt-retention adaptation.
Keywords: Cytochrome P450 3A5, Africa, Population genetics, Gene-environment correlations, Pharmacogenetics
Background
One of the main goals of the genomics revolution has
been to characterize diversity within indigenous popula-
tions, which have traditionally been under-represented
in research. The availability of genomic data is enabling
researchers to identify how and why genomic variation
affects individual and population differences in clinical
outcomes following pharmaceutical drug administration.
Additionally, evolutionary and demographic processes
which have shaped population variation at clinically rele-
vant regions of the human genome are now being deter-
mined. Studies of genes encoding drug metabolizing
enzymes, such as the Cytochrome P450 (CYP450) super-
family have identified variation which affects the safety
and efficacy of therapeutic drugs. However little is
known about intra-African variation at these loci. Africa
is heavily burdened with common and infectious dis-
eases [1], which are treated with multiple drugs. Studies
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of intra-African variation at genes encoding drug metab-
olizing enzymes are likely to be beneficial to clinicians,
geneticists and researchers within the emerging field of
evolutionary medicine [2]. They are also likely to have
great potential for minimizing the risk of adverse clinical
outcomes in patients with recent African ancestry [3].
CYP3A enzymes, a sub-family of the CYP450 super-
family, are responsible for the phase I hepatic and intestinal
metabolism of a wide spectrum of endogenous and xeno-
biotic compounds [4]. The two most clinically relevant
CYP3A enzymes are CYP3A4 and CYP3A5, which together
are involved in the metabolism of ~50% of all therapeutic
drugs [5]. Because of the wide substrate range, some func-
tional variation in CYP3A genes is associated with individ-
ual and population differences in pharmacogenetic profiles
[6], adverse clinical outcomes [7], and elevated predispos-
ition to diseases [8,9].
There is considerable inter-ethnic variability in CYP3A5
expression levels [10]. Individuals tend to express CYP3A5
at high concentrations (21-202 pmol/mg) or have sig-
nificantly reduced, often undetectable, protein levels
(<21 pmol/mg) [11-13]. Variability in protein expression is
largely attributed to four CYP3A5 alleles; CYP3A5*1, an
expresser allele, and the low/non-expresser CYP3A5*3,
CYP3A5*6 and CYP3A5*7 alleles [13,14]. Studies have
reported that the highest frequencies of high-activity al-
leles are found in populations with recent African ancestry
[15,16]. CYP3A5*3 is the main determinant of CYP3A5
expression levels in populations outside Africa [10]. The
CYP3A5*6 and CYP3A5*7 alleles are observed almost ex-
clusively in individuals with recent African ancestry
[13-16], although CYP3A5*6 has been observed at low fre-
quency in a sample of individuals from Los Angeles with
Mexican ancestry, genotyped as part of the HapMap con-
sortium. CYP3A5*7 has been observed at a frequency of
3% in ethnic Koreans [17]. There is some uncertainty over
the functionality of the CYP3A5*6 mutation. Its effect on
protein expression was reported in 2001 [13]. One of two
cDNA products isolated from three CYP3A5*1/CYP3A5*6
heterozygotes did not contain the sequence for exon 7.
Subsequent western blot analyses of liver samples from
two CYP3A5*1/CYP3A5*6 heterozygotes found signifi-
cantly lower protein levels than in CYP3A5*1 homozy-
gotes. It has been proposed that CYP3A5*6 creates an
aberrant splicing pathway [13], however this has not been
confirmed experimentally. Although data presented by
Kuehl et al. suggest that CYP3A5 expression levels in
CYP3A5*6 carriers are lower than in CYP3A5*1 homozy-
gotes, in the absence of expression analysis and more
extensive in vivo and in vitro data we considered it pru-
dent to allow for the possibility that in at least some indi-
viduals CYP3A5*6 is expressed. Unlike the CYP3A5*3 and
CYP3A5*7 mutations, the association between CYP3A5*6
and clinical outcomes is not completely certain. A study
examining the association between CYP3A genotypes and
the metabolism of midazolam found a significant associ-
ation between the metabolism of the drug and the pres-
ence of the CYP3A5*3 allele, but not the CYP3A5*6 allele
[18]. However, an independent study of Japanese breast
cancer patients found that tumor sizes were significantly
higher in women who carried the CYP3A5*6 allele [19].
Given this uncertainty we present analyses that assume
both that the CYP3A5*6 allele does, and does not affect
protein expression and function.
A previous study reported that elevated CYP3A5*3
frequencies are positively correlated with increased geo-
graphic distance from the equator [20]. There is a latitu-
dinal cline in the frequencies of alleles involved in heat
adaptation, and consequently hypertension susceptibility
[21]. A strong positive correlation is observed between
latitude and functionally important variants of genes
implicated in salt-sensitive hypertension, by regulating
cardiovascular reactivity and volume avidity, such as
angiotensinogen (AGT), G protein β3 subunit (GNB3),
and epithelial sodium channel γ (ENaCγ) [21]. CYP3A5 is
involved in the metabolism of renal cortisol to 6-β
-hydroxycortisol, a key regulator of renal sodium trans-
port, and immune responses which cause inflammation
[22]. It has been proposed that the expresser CYP3A5*1
allele provides a selective advantage in equatorial popula-
tions due to the role of CYP3A5 in salt retention and
the reabsorption of water [13,20]. Conversely, elevated
CYP3A5*1 frequencies are hypothesized to be detrimental
and are associated with elevated risk of salt-sensitive
hypertension in non-equatorial populations [8,23,24]. The
CYP3A5 gene region has high frequencies of derived,
functional alleles [25], and substantial population differen-
tiation in the frequencies of the CYP3A5*3 allele when
compared to neutral markers, as measured by weighted
FST tests, [26]. This suggests that low/non-expression of
CYP3A5 may be adaptive in non-equatorial populations.
Although CYP3A5 expression in Africa is likely to be
highly variable, few previous studies have characterized
intra-African diversity in CYP3A5 and other clinically
relevant genes. High levels of genetic diversity are ob-
served within the continent compared to other geo-
graphic regions, and this is consistent with a recent
African origin model of human evolution [27]. East
Africa is a particularly diverse region of the continent.
Reports have shown a gradual reduction in genetic
diversity with increased geographic distance from
Ethiopia [28-30] indicating that the region is one of the
most genetically diverse in the world. Studies of func-
tional variation in clinically relevant genes have found
significant inter-ethnic differences within Ethiopia and
between Ethiopian and other African populations
[31-33]. These data highlight the potential that focused
genetic studies of clinically relevant variation within
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Ethiopian populations have for understanding intra-
African genetic diversity.
Within this study we have focused on characterizing
CYP3A5 variation in multiple geographically and ethnic-
ally diverse populations sampled from in and around
Africa. We focused on determining population structure
at this locus, and identified considerable population struc-
turing within Africa. These results suggest that there are
likely to be multiple pharmacogenetic profiles across
Africa which could affect the safety and efficacy of many
therapeutic drugs which are CYP3A5 substrates. Addition-
ally, we report correlations between CYP3A5 expression
phenotypes and aridity data for 10,000 and 50,000 years
ago, consistent with a previous hypothesis that the enzyme
is involved in salt retention/heat adaptation. This suggests
that global variability in expression phenotypes may have
occurred as a result of selective pressures on the gene.
Results
The prevalence of clinically relevant CYP3A5 alleles in
Africa
We genotyped 2245 individuals from 32 geographically
and ethnically diverse African populations for common
clinically relevant CYP3A5 alleles. An additional 293
individuals from four non African populations from
Europe and the Arabian Peninsula were also genotyped
to permit comparisons of African diversity in a global
context (Table 1). Prior to our study, the distribution of
clinically relevant CYP3A5 alleles across Africa, and relative
to non-African populations, was unknown. We identified
CYP3A5*1, CYP3A5*3 and CYP3A5*6 in all genotyped
African population samples (allele frequency ranges: 4-81%,
4-81% and 4-33% respectively). CYP3A5*7 was confined al-
most exclusively to Niger-Congo speaking samples (range:
0-22%). The distribution of CYP3A5 alleles is structured by
major language family and geographic region, as evidenced
by Analysis of Molecular Variance [P<0.0001 for both
variables]. Pearson’s χ2 tests were carried out to examine
within-region differences. Considerable heterogeneity was
observed in East Africa [χ2=157.69, d.f.=21, p<0.0001]
and North Africa [χ2=37.61, d.f.=9, p<0.01] but not in
any other geographic region. The genotyped loci are in
complete LD (D´=1, p<0.0001), except between the
CYP3A5*6 and CYP3A5*1/*3 loci (D´=0.96, p<0.0001). A
low frequency recombinant haplotype was observed in 10
heterozygotes explaining why D´ between CYP3A5*1 and
CYP3A5*6 is not equal to 1. Haplotype analysis found that
the low/non-expresser CYP3A5 alleles occur predominantly
on independent haplotype backgrounds (Figure 1 and
Additional file 1 Table S1) suggesting that their convergent
effects on CYP3A5 expression are independent. A signifi-
cant correlation between pairwise genetic (FST) and geo-
graphic distances (kilometers) was observed using a Mantel
test when all populations genotyped in this study (n=36)
were analyzed [Mantel r statistic=0.228, p<0.0001].
The geographic and ethnic distributions of low-,
intermediate- and high-expression phenotypes, based on
haplotype frequencies were inferred. Expresser phenotypes
were inferred assuming that CYP3A5*6 does and does not
cause a low/non-expression phenotype (Additional file 2
Figure S1 and Additional file 3 Figure S2 respectively). The
distributions in both Figures show that the highest fre-
quencies of high-activity phenotypes are in equatorial re-
gions of Africa, and Ethiopia has the highest within
country inter-ethnic diversity, which is driven by differ-
ences between the Anuak and other Ethiopian groups.
Correlations between ecological variables and inferred
CYP3A5 expression phenotypes
A previous study reported a strong positive correlation be-
tween CYP3A5*3 allele frequencies and latitude [20]. Lati-
tude is a correlate of multiple ecological variables that are
associated with functional markers of genes involved in
heat adaptation [21]. We tested for correlations between
frequencies of low/non-expresser CYP3A5 alleles, and in-
ferred expresser phenotypes, with latitude and the eco-
logical variables; temperature and precipitation (Table 2).
Additionally, we tested for correlations with aridity indices
calculated from temperature and precipitation data using
the de Martonne aridity index [34]. This enabled us to con-
sider the combined effect of temperature and precipitation
on CYP3A5 phenotypes. Correlations were estimated using
ecological data for the present day, and inferred for 10, 000
years ago (Holocene) and 50,000 years ago (Late Pleisto-
cene) (http://badc.nerc.ac.uk/home/index.html). Correla-
tions were performed assuming that CYP3A5*6 is a low/
non-expresser allele, and that it is a neutral allele.
Latitude correlated significantly with CYP3A5 expres-
sion in Africa [Spearmann’s Rho= −0.472, p=0.004], the
correlation remained significant when considering north
[Spearmann’s Rho= −0.659, p<0.0001] and south latitude
[Spearmann’s Rho= −0.701, p<0.0001] populations separ-
ately. Across a global cohort (87 populations) which,
included published genotyping data [20] and where
CYP3A5*3 alone is considered to predict CYP3A5 expres-
sion levels, a significant correlation between latitude and
frequencies of this allele was seen only for north latitude
populations [Spearmann’s Rho= 0.666, p<0.0001], but not
south [Spearmann’s Rho= 0.066, p=0.759]. No significant
correlation was observed between aridity values for the
present day and expresser phenotypes when CYP3A5*6
was considered a low/non expresser allele [Spearmann’s
Rho= −0.185, p=0.279] or a neutral allele [Spearmann’s
Rho= −0.0288, p=0.868]. Expresser phenotypes correlated
significantly with aridity values from the Holocene
[Spearmann’s Rho= −0.465, p=0.004] and Late Pleistocene
[Spearmann’s Rho= −0.379, p=0.02] when CYP3A5*6
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was considered as a low/non-expresser mutation. We
subsequently examined independent correlations between
expresser allele frequencies and temperature and precipi-
tation. We found significant correlations between ex-
presser allele frequencies and temperature for every time
period, both when CYP3A5*6 was considered to be a low/
non-expresser mutation and a neutral allele (p<0.0001 for
every correlation, see Table 2). No significant correlation
was observed between precipitation values and expresser
allele frequencies.
We subsequently examined the correlations between
present day ecological data and expresser allele frequen-
cies, while controlling for geographic distances between
populations, using partial Mantel tests. For each correl-
ation CYP3A5*6 was assumed to be a low/non-expresser
mutation. We found that the correlation between CYP3A5
expresser alleles and temperature remained significant
when controlling for geographic proximity between popu-
lations [Mantel r statistic=0.398, p=0.02]. However the
correlation with latitude was no longer significant [Mantel
r statistic=0.202, p=0.05].
CYP3A5 variation observed in Ethiopia
Previous studies of genetic variation in drug metabolizing
enzymes have identified considerable inter-ethnic diversity
within Ethiopia and between Ethiopian and other African
populations [31-33]. The results from our geographic sur-
vey of clinically relevant CYP3A5 variants also indicated
that there is considerable heterogeneity within Ethiopia,
and between Ethiopia and other African populations. We
performed a re-sequencing survey of the CYP3A5 gene in
five Ethiopian populations to characterize CYP3A5 diver-
sity in greater detail.
We observed significant inter-ethnic diversity in
CYP3A5 allele frequencies in Ethiopia. To identify add-
itional variation and elucidate intra-Ethiopian population
structure we re-sequenced an 8063bp region of CYP3A5,
which included the CYP3A5 promoter, exons and exon-
flanking introns, in five Ethiopian populations. 51 poly-
morphic sites were identified (Table 3). Nine (17.6%) were
exonic and, 3 out of 5 (6%) identified non-synonymous
polymorphisms were predicted to adversely alter protein
function. No significant difference in the proportion of
synonymous or non-synonymous variation was identified
by a codon-based Z-test [35] (Z=0.961 and p=0.169). The
proportion of amino acid changes that we observed at the
CYP3A5 gene (5 changes/502 codons= ~1%) is higher
than previously reported for 103 protein-coding genes
(147 changes/26,999 codons=0.56%) [36], although the dif-
ferences are not significant [paired t test, t=1.01, d.f.=1,
p=0.50]. We did not identify any variants in experimen-
tally established transcription factor binding sites [37,38].
Eight of the nine identified promoter variants occurred in
nucleotide positions that are highly conserved in primates
(i.e. where the allele is the same in all primate species),
and bioinformatic analyses predicted that four out of nine
may affect transcription factor binding. Of all identified
polymorphisms – predicted and previously reported to
affect CYP3A5 expression and activity (n=10) – 4 (2 pro-
moter, CYP3A5*3 and CYP3A5*6) occurred at frequencies
over 1%. The highest frequency variants identified were
CYP3A5*3, CYP3A5*6 and the non-functional variant
rs15524, which is found in high LD with CYP3A5*3 [39].
Ethiopian CYP3A5 variation in the context of other
geographic populations
We analyzed the Ethiopian re-sequencing data along with
those previously reported for three ethnically diverse popu-
lations from the Corriell Repositories to analyze the data in
a global context [20] (Table 4). The results of the Hudson-
Kreitman-Aguadé (HKA) test [40], comparing intra- and
inter-species CYP3A5 diversity, was not significant
(p=0.6346). Tajima’s D, Li’s D* and F*, Fu and Li’s F and D
(using chimpanzee sequence to establish ancestral states),
and Fu’s FS all indicated a skew towards rare variants in
every population, which is consistent with general human
population growth or positive selection. Fu and Li’s D* and
F* reported a significant departure from neutrality for both
Europeans and the Anuak, although significance was only
reached for Europeans following Bonferonni correction (8
tests). Fu and Li’s FS reported a significant departure from
neutrality for 7 of the 8 populations after Bonferonni cor-
rection. Strobeck’s S results were consistent with Fu’s FS, as
expected. The results of the H test, used to assess whether
there is an excess of high frequency derived variants [41],
were not significant in any population (p>0.05), however
nucleotide diversity at CYP3A5 is low and this may be af-
fecting the tests.
72 haplotypes were inferred from allelic data for all 8
Ethiopian population samples, 33 (45.8%) containing
CYP3A5*1, 29 (40.3%) containing CYP3A5*3, 7 (9.7%)
containing CYP3A5*6, 1 (1.4%) containing CYP3A5*7,
and 2 (2.8%) containing both CYP3A5*3 and CYP3A5*6
(Additional file 4 Figures S3a and b). LD across the
gene is high. A phylogeny, based on network analysis of
the haplotype data, is presented in Figure 2. 98% of
European and 83% of Han Chinese haplotypes contain
the CYP3A5*3 allele, as do ~64% of Afar haplotypes and
~67% in both the Amhara and Oromo. Gene diversity is
highest in African Americans (0.963 ± 0.02) and lowest
in Europeans (0.589 ± 0.08). The CYP3A5*1 haplogroup
is significantly more diverse than the other haplogroups
(0.921 ± 0.01) (p<0.0001 for every comparison). Popula-
tion differentiation was measured by pairwise FST
(Table 5). The Afar, Amhara and Oromo are intermediate
between individuals with recent African ancestry and Han
Chinese and European groups. We placed population
structure seen at the CYP3A5 gene in a wider genomic
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Table 1 Genotype and allele frequencies and tests for deviation from Hardy-Weinberg Equilibrium (χ2 p-values given)
Region Country Population CYP3A5*1/CYP3A5*3 CYP3A5*6 CYP3A5*7
AA AG GG Total G [*3] HWE GG GA AA Total A [*6] HWE −/− -/T T/T Total T [*7] HWE
Europe Armenia Southern Armenians 0 10 90 100 0.95 1.00 100 0 0 100 0.00 N/A 100 0 0 100 0.00 N/A
Turkey Anatolian Turks 2 10 62 74 0.91 0.11 74 0 0 74 0.00 N/A 74 0 0 74 0.00 N/A
Arabian Yemen Yemeni from Hadramaut 2 21 59 82 0.85 1.00 77 5 0 82 0.03 1.00 80 2 0 82 0.01 1.00
Peninsula Yemeni from Sena and Msila 7 17 13 37 0.58 0.74 29 7 1 37 0.12 0.42 35 2 0 37 0.03 1.00
North Africa Algeria Northern Algerians 9 42 108 159 0.81 0.12 146 15 0 161 0.05 1.00 159 2 0 161 0.01 1.00
Morocco Berbers 3 28 54 85 0.80 1.00 79 7 0 86 0.04 1.00 85 1 0 86 0.01 1.00
Sudan Northern Sudanese 24 58 51 133 0.60 0.29 104 28 0 132 0.11 0.36 135 1 0 136 0.00 1.00
Sudanese from Kordofan 11 11 8 30 0.45 0.16 19 10 1 30 0.20 1.00 29 1 0 30 0.02 N/A
East Africa Ethiopia Afar 10 31 32 73 0.65 0.61 47 26 0 73 0.18 0.11 73 0 0 73 0.00 N/A
Amhara 14 22 40 76 0.67 0.004 55 19 2 76 0.15 0.67 76 0 0 76 0.00 N/A
Anuak 38 32 6 76 0.29 1.00 44 25 7 76 0.26 0.23 75 1 0 76 0.01 1.00
Maale 20 36 19 75 0.49 0.82 53 22 0 75 0.15 0.34 74 1 0 75 0.01 1.00
Oromo 12 28 34 74 0.65 0.20 55 19 1 75 0.14 1.00 75 0 0 75 0.00 N/A
Republic of South Sudan Southern Sudanese 74 42 9 125 0.24 0.46 58 50 15 123 0.33 0.42 117 8 0 125 0.03 1.00
Tanzania Chagga 28 18 4 50 0.26 0.71 36 14 0 50 0.14 0.57 41 9 0 50 0.09 1.00
Uganda Bantu speakers from Ssese 36 3 0 39 0.04 1.00 22 17 0 39 0.22 0.16 23 16 0 39 0.21 0.31
West Africa Ghana Asante 27 8 0 35 0.11 1.00 20 13 1 34 0.22 1.00 29 5 0 34 0.07 1.00
Bulsa 58 29 3 90 0.19 1.00 61 28 0 89 0.16 0.11 69 19 2 90 0.13 0.62
Kasena 28 17 2 47 0.22 1.00 31 16 0 47 0.17 0.32 35 12 0 47 0.13 1.00
Senegal Manjak 57 29 4 90 0.21 1.00 59 24 9 92 0.23 0.02 81 13 0 94 0.07 1.00
Wolof 55 31 8 94 0.25 0.27 58 31 1 90 0.18 0.29 78 15 1 94 0.09 0.55
West Central Cameroon Kotoko 18 21 0 39 0.27 0.04 23 16 1 40 0.23 0.65 36 4 0 40 0.05 1.00
Africa Shewa Arabs 26 31 12 69 0.40 0.62 42 24 3 69 0.22 1.00 60 9 0 69 0.07 1.00
Mayo Darle 66 38 13 117 0.27 0.06 71 33 13 117 0.25 0.01 102 15 0 117 0.06 1.00
Somie, Cameroonian Grassfields 36 28 1 65 0.23 0.16 44 19 2 65 0.18 1.00 52 13 0 65 0.10 1.00
Congo Congolese from Brazzaville 35 18 2 55 0.20 1.00 43 11 1 55 0.12 0.55 45 10 0 55 0.09 1.00
Nigeria Igbo 64 23 0 87 0.13 0.35 60 24 4 88 0.18 0.47 73 12 2 87 0.09 0.14
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Table 1 Genotype and allele frequencies and tests for deviation from Hardy-Weinberg Equilibrium (χ2 p-values given) (Continued)
South East Malawi Chewa 66 25 1 92 0.15 1.00 66 23 3 92 0.16 0.69 60 31 0 91 0.17 0.06
Africa Lomwe 13 4 1 18 0.17 N/A 10 8 0 18 0.22 N/A 14 4 0 18 0.11 N/A
Ngoni 15 2 1 18 0.11 N/A 9 6 3 18 0.33 N/A 16 2 0 18 0.06 N/A
Tumbuka 44 18 0 62 0.15 0.34 40 17 5 62 0.22 0.14 45 17 0 62 0.14 0.59
Yao 37 18 1 56 0.18 0.67 43 12 1 56 0.13 1.00 46 10 0 56 0.09 1.00
Mozambique Sena 58 21 3 82 0.16 0.44 51 28 5 84 0.23 0.75 59 25 1 85 0.16 0.68
South Africa Bantu speakers 22 17 2 41 0.26 1.00 29 9 3 41 0.18 0.10 34 4 2 40 0.10 0.03
Zimbabwe Lemba 17 6 0 23 0.13 1.00 13 10 1 24 0.25 1.00 17 7 0 24 0.15 1.00
Zimbabweans from Mposi 36 7 4 47 0.16 0.008 36 10 3 49 0.16 0.09 34 16 2 52 0.19 1.00
HWE could not be calculated for the Lomwe and Ngoni as both populations had fewer than 50 chromosomes meaning that the test had insufficient power. No population deviated from Hardy-Weinberg equilibrium,
following Bonferonni correction (for CYP3A5*3: adjusted p value = 0.00139; correction for 36 tests, for CYP3A5*6: adjusted p value=0.0015; correction for 34 tests, for CYP3A5*7: adjusted p value=0.0017; correction for
30 tests). Deviations from HWE cannot be calculated for monomorphic loci: labeled “N/A” on the Table. “Total” refers to the number of individuals, from a given population, successfully genotyped at each locus.
Population refers to the grouping of individuals either by self-declared ethnicity or geography/place collected.
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context by analyzing intra-Ethiopian differentiation at
markers on the non-recombining regions of the Y chromo-
some (NRY) and the mitochondrial genome (hypervariable
region 1 [HVS1] and coding region SNPs) [42]. We com-
pared Ethiopian NRY and HVS1 genotypes with data for
92 Fars from Iran, 95 Nigerian Igbo, 126 Greek-Cypriots
and 60 Halfawi from the Republic of Sudan. The Anuak
are outliers compared to the other Ethiopian populations
(data not shown), consistent with genome wide-markers
[43] and what we report for CYP3A5. Intra-Ethiopian
population structure at the CYP3A5 gene is also consistent
with that seen at other drug metabolizing genes CYP1A2
[31], and UGT1A1 [32].
Estimating the age of clinically relevant CYP3A5 alleles
The age of an allele is the time since it arose by mutation
[44,45]. Estimating the ages of CYP3A5 alleles may help to
identify specific demographic processes which have af-
fected inter-population differences in allele frequencies, or
identify an important role for natural selection in selecting
for specific alleles [44]. Under the stepwise mutation
model of microsatellite evolution, and assuming no re-
combination, we estimated the time to the most recent an-
cestor (TMRCA) of the CYP3A5*3 mutation to be 2388
generations (95% confidence intervals [C.I.]: 1797–3211)
and CYP3A5*6 to be 6825 generations (95% C.I.: 3086–
11,975). Assuming that a generation is 32 years [46], the
estimated age of the CYP3A5*3 mutation is ~76,416 years
(95% C.I. 57,504-102,752 years) and CYP3A5*6 is 218,400
years (95% C.I. 98,752-383,200 years) (Table 6). Our esti-
mates of the age of CYP3A5*3 is consistent with its pres-
ence within and outside of Africa. The distribution of the
CYP3A5*6 allele shows some similarity to that of FMO2*1,
an allele of the gene encoding the drug metabolizing en-
zyme FMO2 [33]. FM02*1 occurs at similar frequencies
across Africa and is not found at high frequencies outside
of the continent. The estimated age of FMO2*1 is 502,404
years (95% C.I. 154,790–1,041,243 years) based on a co-
alescent simulation [47] and using data from populations
re-sequenced as part of the NIEHS SNPs database (http://
egp.gs.washington.edu/). The age estimates of both the
CYP3A5*6 and FMO2*1 alleles predate estimates of the
range-expansion of modern humans out of Africa.
Discussion
We performed an extensive geographic survey of clinic-
ally relevant CYP3A5 alleles in a large African cohort
and found highly variable frequencies of the ancestral
CYP3A5*1 allele (9-96%) across the continent. We esti-
mate that ~43% of individuals within our African dataset
express CYP3A5, which is much lower than all other
previous estimates for the continent (between 55-95%)
[15,16]. The classification of CYP3A5 alleles as expresser
or low/non-expresser will affect estimates of expresser
frequencies in Africa. In vitro studies of CYP3A5 expres-
sion levels in CYP3A5*6 homozygotes are needed to es-
tablish the effect of the mutation on protein expression.
The results from such studies may alter the classification
of CYP3A5*6 as a clinically relevant CYP3A5 allele, and
mean that CYP3A5 protein expression levels across
Africa are likely to be consistent with those presented in
Additional file 3 Figure S2 . Our estimates of the propor-
tion of CYP3A5 expressers differ across Africa, consist-
ent with the Sahara acting as a barrier to gene flow
[48,49]. Additionally, we estimate that the proportion of
CYP3A5 expressers in East Africa (~36%) is lower than
in other regions of sub-Saharan Africa (~45%), and re-
port considerable heterogeneity among Ethiopian ethnic
groups (17-54%). We found that the highest frequencies
of inferred high-activity phenotypes were seen in equa-
torial and Niger-Congo speaking populations.
From the geographic survey we observed that the
Ethiopian allele frequencies are intermediate between sub-
Saharan African and Eurasian groups [50]. Our study has
extended previous work on CYP3A5 in Ethiopia [51] by
accounting for, and identifying, considerable inter-ethnic
variability within the country. CYP3A5 haplotype diversity
and structure in the Afar, Amhara and Oromo were char-
acteristic of that seen in European Caucasians and Han
Chinese individuals. There is a known Arabian contribu-
tion to Ethiopian ancestry as a result of migration of Sem-
itic groups into the region, which has influenced genetic
diversity [48,52]. We further examined intra-Ethiopian di-
versity at mitochondrial and Y-chromosome genetic
markers and found that the Anuak were outliers. This sug-
gests that the intra-Ethiopian diversity we observed can
be explained by Arabian admixture in the Afar, Amhara
and Oromo, rather than differential selection pressures
on CYP3A5.
Considerable intra-African population structuring at the
CYP3A5 gene suggests that there are likely to be multiple
pharmacogenetics profiles for key drugs used across the
continent, including many used in the treatment and con-
trol of malaria [53] and HIV-1 [54]. We identified signifi-
cant differences between Ethiopians and other sub-Saharan
African populations, and intra-Ethiopian diversity, at the
CYP3A5 gene. The results from our study suggest that East
Africans are likely to be distinct from a wider cohort of
African patients, and that there are likely to be inter-ethnic
differences within East Africa. The results from large sur-
veys [32,33], including our study, emphasize the import-
ance of including sub-Saharan African populations in
pharmacogenetics research; over 90% of the global disease
burden is found in developing countries [55,56]. An appre-
ciable number of the diseases found within the region are
treated with CYP3A5 substrates [5,57] at doses optimized
for patients with recent European ancestry [26]. Larger and
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Figure 1 The distribution of the five inferred CYP3A5 haplotypes across the dataset. The size of each circle is proportional to the number
of individuals sampled from a given population (see Additional file 1 Table S1). The allele combinations at all three loci are given in the key. The
alleles in brackets define the inferred haplotype. N.B. the recombinant CYP3A5 haplotype 5: *3/*6, is observed at low frequency in the dataset.
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Table 2 Correlation analyses, between ecological variables and CYP3A5 allelic and inferred expression data
Time period Ecological variable N=87 N=36
CYP3A5*3 CYP3A5*6 CYP3A5*7 High expresser allele
(assuming CYP3A5*6
is a low/non-
expresser allele)
Low expresser allele
(assuming CYP3A5*6
is a low/non-expresser
allele)
High expresser allele
(assuming CYP3A5*6 is
not a low/non-
expresser allele)
Low expresser allele
(assuming CYP3A5*6
is not a low/non-
expresser allele)
Rho P-value Rho P-value Rho P-value Rho P-value Rho P-value Rho P-value Rho P-value
Latitude 0.706 <0.0001 −0.331 0.048 −0.177 0.303 −0.472 0.004 0.472 0.004 −0.416 0.012 0.416 0.012
North latitude 0.666 <0.0001 −0.621 0.001 −0.410 0.047 −0.659 <0.0001 0.659 <0.0001 −0.620 0.001 0.620 0.001
South latitude 0.066 0.759 0.318 0.130 0.122 0.571 −0.701 <0.0001 0.701 <0.0001 −0.370 0.075 0.370 0.075
Temperature −0.664 <0.0001 0.268 0.114 0.494 0.002 0.655 <0.0001 −0.655 <0.0001 0.627 <0.0001 −0.627 <0.0001
Present Day Precipitation −0.129 0.232 −0.290 0.867 −0.150 0.384 −0.028 0.869 0.028 0.869 0.113 0.511 −0.113 0.511
Aridity 0.286 0.007 −0.201 0.24 −0.267 0.116 −0.185 0.279 0.185 0.279 −0.029 0.868 0.029 0.868
Temperature −0.597 <0.0001 0.216 0.207 0.342 0.041 0.560 0.0004 −0.560 0.0003 0.635 <0.0001 −0.635 <0.0001
Holocene Precipitation 0.072 0.510 −0.235 0.167 −0.522 0.001 −0.381 0.022 0.381 0.022 −0.190 0.266 0.190 0.266
Aridity 0.471 <0.0001 −0.344 0.04 −0.575 0.0002 −0.465 0.004 0.465 0.004 −0.293 0.083 0.293 0.0832
Temperature −0.644 <0.0001 0.297 0.079 0.608 <0.0001 0.649 <0.0001 −0.649 <0.0001 0.641 <0.0001 −0.641 <0.0001
Late Pleistocene Precipitation 0.160 0.139 −0.238 0.163 −0.353 0.035 −0.204 0.233 0.204 0.233 −0.023 0.892 0.023 0.892
Aridity 0.532 <0.0001 −0.436 0.008 −0.480 0.003 −0.379 0.026 0.379 0.023 −0.211 0.216 0.211 0.216
For analyses with inferred CYP3A5 expression phenotypes high-, intermediate- and low- expression diplotypes were counted as genotypes and the frequencies of expresser and low/non-expresser alleles calculated.
For analyses with phenotypes, CYP3A5*6 was considered to cause low/non-expression and to have no effect on CYP3A5 expression. Significant p-values, at the 5% level, are shown in bold. Rho indicates Spearmann’s
Rho. “N” refers to the number of populations analyzed for each CYP3A5 allele. For CYP3A5*3 frequencies, African data were combined with those previously reported [20]. For CYP3A5*6 and CYP3A5*7 correlations, only
African data genotyped for this study were tested. North latitude and south latitude correlations were only performed with populations genotyped for this study.
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Table 3 All polymorphic sites identified in an 8063bp CYP3A5 region re-sequenced in five Ethiopian populations
Afar Amhara Anuak Maale Oromo Total
Region of CYP3A5 Position on
chromosome 7
Position relative to the translation
initiation codon (A of ATG is +1)
dbSNP database refSNP ID Effect f n f n f n f n f n f n
Promoter 99278314 −795 T>A rs3823812 0.00 3 0.00 3 0.01 4 0.01 10 0.01 5 0.0331 25
Promoter 99278267 −748 C>G 0.01 5 0.00 2 0.00 1 0.00 1 0.01 6 0.0198 15
Promoter 99278224 −705 3 base pair deletion 0.00 1 0.00 1 0.01 5 0.00 1 0.00 3 0.0146 11
Promoter 99278223 −704 A>G 0.00 0 0.00 0 0.00 0 0.00 1 0.00 0 0.0013 1
Promoter 99278152 −633 C>A 0.00 0 0.00 0 0.00 0 0.00 0 0.00 1 0.0013 1
Promoter 99278146 −627 G>A 0.00 0 0.00 0 0.00 1 0.00 0 0.00 0 0.0013 1
Promoter 99278144 −625 A>G 0.00 0 0.00 0 0.00 0 0.00 1 0.00 0 0.0013 1
Promoter 99278070 −551 C>A rs28365079 0.01 4 0.01 5 0.02 15 0.01 8 0.01 4 0.0476 36
Promoter 99277988 −469 G>A 0.00 0 0.00 0 0.00 0 0.00 1 0.00 0 0.0013 1
UTR of exon 1 99277593 −74 C>T rs28371764 0.00 2 0.01 6 0.00 0 0.00 2 0.00 2 0.0158 12
UTR of exon 1 99277544 −25 A>C 0.00 0 0.00 0 0.00 0 0.00 0 0.00 1 0.0013 1
Intron 1 99277392 127 G>A 0.00 0 0.00 0 0.00 1 0.00 2 0.00 0 0.0040 3
Intron 1 99277337 182 C>A 0.00 0 0.00 0 0.00 3 0.00 0 0.00 0 0.0040 3
Intron 2 99272310 5209 C>T rs28365067 0.01 11 0.02 12 0.01 5 0.01 8 0.01 8 0.0580 44
Intron 2 99272290 5229 G>A rs41301652 0.00 0 0.00 0 0.00 2 0.00 0 0.00 0 0.0026 2
Intron 2 99272275 5244 C>T 0.00 0 0.00 0 0.00 0 0.00 0 0.00 2 0.0026 2
Intron 3 99272103 5416 C>T 0.00 0 0.00 0 0.00 0 0.00 0 0.00 2 0.0026 2
Intron 3 99272009 5510 T>A rs28969392 0.01 6 0.01 4 0.01 10 0.01 9 0.00 3 0.0422 32
Intron 3 99271928 5591 C>T rs41301655 0.00 0 0.01 4 0.00 1 0.00 0 0.00 2 0.0092 7
Intron 3 99271853 5666 A>G rs41301658 0.00 1 0.00 1 0.00 3 0.01 7 0.00 2 0.0185 14
Intron 3 99271808 5711 A>G rs41258334 0.01 11 0.01 11 0.01 5 0.01 9 0.01 8 0.0580 44
Intron 3 99271778 5741 A>G 0.01 6 0.00 3 0.01 4 0.01 8 0.00 3 0.0317 24
Intron 3 99270539 6980 A>G rs776746 Defines the
variant CYP3A5*3
0.13 95 0.14 102 0.06 44 0.10 75 0.13 97 0.5581 413
Intron 3 99270504 7015 3 base pair deletion 0.00 0 0.00 0 0.00 0 0.00 1 0.00 0 0.0014 1
Intron 3 99270318 7201 C>T rs8175345 0.00 0 0.00 1 0.01 9 0.00 0 0.00 1 0.0149 11
Exon 4 99270249 7270 G>A G77S 0.00 0 0.00 0 0.00 0 0.00 1 0.00 0 0.0014 1
Intron 4 99270164 7355 C>T rs28365074 0.00 0 0.00 0 0.00 1 0.00 0 0.00 2 0.0041 3
Intron 5 99264352 13167 T>C rs68178885 0.00 3 0.00 2 0.00 1 0.00 3 0.00 1 0.0132 10
Intron 6 99264149 13370 G>A rs41301670 0.00 0 0.00 0 0.00 0 0.00 0 0.00 2 0.0027 2
Exon 7 99262835 14684 G>A rs10264272 Defines the
variant CYP3A5*6
0.04 28 0.03 23 0.05 39 0.03 23 0.03 21 0.1763 134
Bains
et
al.BM
C
G
enetics
2013,14:34
Page
10
of18
http://w
w
w
.biom
edcentral.com
/1471-2156/14/34
Table 3 All polymorphic sites identified in an 8063bp CYP3A5 region re-sequenced in five Ethiopian populations (Continued)
Exon 7 99262793 14726 A>G rs2838372 Synonymous 0.00 1 0.00 0 0.00 0 0.00 0 0.00 0 0.0013 1
Intron 7 99262642 14877 A>G 0.00 1 0.01 5 0.02 12 0.01 9 0.00 2 0.0382 29
Intron 7 99261737 15782 T>C rs28969393 0.01 5 0.01 4 0.01 9 0.01 9 0.00 3 0.0396 30
Exon 8 99261651 15868 A>G K266R 0.00 0 0.00 0 0.00 1 0.00 0 0.00 0 0.0013 1
Intron 8 99261583 15936 C>A 0.00 0 0.00 0 0.00 0 0.00 2 0.00 0 0.0026 2
Intron 8 99260546 16973 G>A 0.00 0 0.00 1 0.00 0 0.00 0 0.00 0 0.0013 1
Exon 9 99260502 17017 C>T R268Stop 0.00 0 0.00 0 0.00 1 0.00 0 0.00 0 0.0013 1
Intron 9 99260407 17112 C>T rs28383478 0.00 0 0.00 2 0.00 0 0.00 0 0.00 0 0.0026 2
Intron 9 99260362 17157 G>T rs4646453 0.00 3 0.00 3 0.01 4 0.01 10 0.01 5 0.0331 25
Intron 9 99260282 17237 T>G 0.00 0 0.00 0 0.00 1 0.00 0 0.00 0 0.0013 1
Intron 9 99260170 17349 T>G 0.00 3 0.00 2 0.01 7 0.01 7 0.00 3 0.0291 22
Intron 9 99258524 18995 C>T rs10247580 0.00 0 0.00 2 0.02 12 0.01 7 0.00 1 0.0291 22
Intron 9 99258320 19199 G>A 0.00 0 0.00 0 0.00 1 0.00 0 0.00 0 0.0013 1
Intron 9 99258316 19203 T>C 0.00 0 0.00 0 0.00 0 0.00 2 0.00 0 0.0026 2
Exon 10 99258124 19395 A>C K342T 0.00 0 0.00 0 0.00 0 0.00 0 0.00 1 0.0013 1
Exon 11 99250397 27125-27126 T insertion rs41303343 Defines the
variant CYP3A5*7
0.00 0 0.00 0 0.00 1 0.00 1 0.00 0 0.0026 2
Exon 11 99250381 27138 A>G V350M 0.00 0 0.00 0 0.00 1 0.00 0 0.00 0 0.0013 1
Intron 12 99247647 29872 G>T 0.00 0 0.00 0 0.00 0 0.00 2 0.00 0 0.0026 2
Intron 12 99247503 30016 1 base pair deletion rs28365093 0.00 3 0.01 4 0.02 15 0.01 8 0.01 4 0.0450 34
Intron 12 99246026 31493 T>C rs28365069 0.01 4 0.01 11 0.01 11 0.02 18 0.01 9 0.0699 53
3' UTR 99245914 31605 C>T rs15524 0.14 105 0.14 109 0.09 69 0.11 84 0.14 107 0.6253 474
n refers to the total number of chromosomes on which a particular variant was observed. f is the relative frequency of each variant. Total refers to the number of times a variant was observed in the Ethiopian cohort
(758 chromosomes) and f is its relative frequency. Position on chromosome 7 is based on NCBI Build 132, February 2009.
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more detailed surveys of clinically important variation in
diverse African populations will improve our understand-
ing of how specific drugs and dosages contribute to ad-
verse clinical outcomes within Africa and the African
Diaspora. The number of such studies will undoubtedly in-
crease with the availability of newer and cheaper sequen-
cing technologies [58,59] and progression towards the
$1000 genome [60].
We combined our African CYP3A5*3 data with those
previously published to examine the global prevalence of
the allele. We found a significant, positive correlation
between CYP3A5*3 allele frequencies and latitude, con-
sistent with a previous report [20]. This correlation
remained significant when only African data were con-
sidered [Spearmann Rho= 0.666, p<0.0001]. In contrast
we found no significant correlation between latitude and
CYP3A5*6 or CYP3A5*7 frequencies. Given the re-
stricted geographic distribution of the CYP3A5*6 allele
mainly to Africa, coupled with our estimates of its age
(>200,000 years), it is possible that this allele was lost in
a population bottleneck during the range-expansion of
humans out of Africa. The heterogeneous distribution of
CYP3A5*7 in Africa suggests that it arose from a much
more recent mutation event and may have spread with the
expansion of Niger-Congo speaking populations ~4000
years ago [61]. Nonetheless, the reasons why the derived
CYP3A5*3, CYP3A5*6 and CYP3A5*7 alleles are found at
appreciable frequencies in sub-Saharan Africa remains un-
known, and the possibility of independent evolutionary
causes cannot be discounted. The global distribution of
the CYP3A5*3 allele is unusual when compared with
microsatellite markers, genotyped in samples from the
Human Genome Diversity Panel (HDGP-CEPH) [20]. In-
tegrated haplotype scores (iHS) for CYP3A5*3 haplotypes
in HGDP-CEPH populations sampled from high latitudes
north and south of the equator are outliers in the iHS
genome-wide distribution (iHS≥2) [62]. iHS scores of
CYP3A5*3 haplotypes are similar to those of genomic re-
gions surrounding the LCT (lactase) and CD36 genes [63],
which have both been reported to have undergone positive
selection [64-66]. It is plausible that an increase in latitude
of ~20°, when humans first expanded from East Africa to
the Arabian Peninsula, is coupled with specific environ-
mental changes which provided a novel selection pressure.
Temperature and precipitation data associated with the
Quaternary QUEST project (accessed through the British
Atmospheric Centre: http://badc.nerc.ac.uk/home/index.
html) suggest that changes in precipitation over the past
50,000 years are greater than those in temperature. How-
ever we did not find any significant correlation between
precipitation values and CYP3A5 allele frequencies. We
did observe negative correlations between inferred expres-
sion phenotypes (assuming CYP3A5*6 is a low/non-ex-
presser allele) and aridity values for the Holocene
[Spearmann’s Rho= −0.465, p=0.004] and Late Pleistocene
[Spearmann’s Rho= −0.379, p=0.02]. Under the de
Martonne aridity index, this means that high frequencies
of high-activity alleles are positively correlated with arid
and semi-arid environments [34]. This finding is consistent
with the hypothesis that high-activity CYP3A5 alleles may
be adaptive in regions where there are frequent water short-
ages, by aiding the rapid retention of water [20]. However,
stronger correlations were found with temperature alone.
Although further work will be needed to confirm these eco-
logical correlations, the strong correlation with temperature
is consistent with what we would expect for functional vari-
ation of genes involved in heat adaptation [21]. However,
we cannot rule out that there may be an, as yet untested,
ecological variable which may have provided a selective
pressure.
We have provided the first estimate of the age of the
CYP3A5*3 allele as ~76,000 years (95% C.I. 57,504-
Table 4 A summary of the tests for departures from neutrality for an 8063bp region of CYP3A5
Global populations Ethiopian populations
African-Americans Europeans Han Chinese Afar Amhara Anuak Maale Oromo
Sample size 23 24 23 75 76 76 76 76
Nucleotide diversity (pi) 5.4 x 10-4 9 x 10-5 1.1 x 10-4 2.1 x 10-4 2.5 x 10-4 3.6 x 10-4 3.5 x 10-4 2.2 x 10-4
McDonald-Kreitman test 0.475 0.50 0.777 0.462 0.475 0.576 1.00 0.777
Tajima’s D −1.04 −1.92 −1.21 −1.46 −1.13 −1.26 −0.96 −1.79
Fu and Li’s D* −0.97 −2.86 −1.82 −1.19 0.12 −2.72 −0.11 −1.05
Fu and Li’s F* −1.17 −3.00 −1.91 −1.54 −0.43 −2.57 −0.53 −1.58
Fu and Li’s D −0.64 −1.37 −1.45 −1.56 −0.08 −1.93 0.73 −0.96
Fu and Li’s F −0.92 −1.81 −1.55 −1.79 −0.52 −1.96 0.13 −1.48
Fu’s FS −31.06 −5.71 −1.54 −9.48 −11.74 −18.44 −11.08 −22.84
Strobeck’s S 1.00 0.999 0.929 1.00 1.00 1.00 1.00 1.00
Fay and Wu’s H statistic −0.13140 −3.25532 −1.89372 0.10774 −0.23998 −0.47177 −0.87086 −1.75514
Statistically significant departures from neutrality, following Bonferonni correction (correction for 8 tests; adjusted p≤0.00625) are shown in bold.
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102,752 years), using a closely linked microsatellite. This
estimate is consistent with the wide geographic distribu-
tion of CYP3A5*3, both inside and outside Africa although
not with the low haplotype diversity [20,67] and high iHS
scores [62] previously reported. This may be because
the allele age estimation presented here was made using
Ethiopian data whereas the previously reported low haplo-
type diversity [20,67] and high iHS scores [62] were based
on non-African samples. It is also possible that the
microsatellite mutation rate for rs10536492 differs from
the genome wide average for dinucleotide repeats [68],
which would influence the age estimates, or that the ex-
tensive LD on haplotypes containing CYP3A5*3 is
explained by unusually low recombination rates in that
genomic region. Finally, while the correlations between
the CYP3A5*3 geographic distribution and ecological
variables relating to temperature and aridity, as well as
previously reported low haplotype diversity [20,67] and
high iHS scores [62], both independently support the
hypothesis that the CYP3A5*3 allele is adaptive, alterna-
tive targets of positive selection on the same haplotype
background may exist and both they (if present) and the
CYP3A5*3 allele may have been differentially selected
inside and outside Africa.
Conclusions
The data that we present complement and extend work
in previous publications which reported evidence of geo-
graphically restricted positive selection on the CYP3A5
gene [20,25,26,69]. In addition to improved knowledge
of the effect and distribution of clinically relevant gen-
etic variation, our approach highlights the importance of
Figure 2 A network of all CYP3A5 haplotypes inferred for Ethiopians and Coriell populations. Networks assume single mutational steps.
Haplotypes are colored according to the haplogroup to which they belong; haplotypes which are defined by the CYP3A5*3 allele are shown in
red; those defined by CYP3A5*1 in yellow; CYP3A5*7 in green; CYP3A5*6 in blue and CYP3A5*3/*6 recombinant haplotypes are shown in purple.
The size of each haplotype is proportional to its frequency in the global database. Additional file 4 Figure S3a contains information on the exact
composition of each coded haplotype.
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considering population history and of utilizing evolu-
tionary approaches in clinical research. Evolutionary
approaches to genetic studies are likely to identify add-
itional populations that require targeted health interven-
tions. Further studies which characterize variation in
medically important genes in ethnically and geographic-
ally diverse global populations are needed as we progress
towards personalized clinical medicine, a key goal of the
genomics revolution [70].
Methods
Samples
The DNA samples analyzed in this study were part of a col-
lection at The Centre for Genetic Anthropology at Univer-
sity College London. Samples were collected anonymously
and with informed consent (verbal in Africa) from osten-
sibly healthy individuals, between 1998–2007, from speci-
fied locations in and around Africa [ethical approval:
UCLH 99/0196]. Additional ethical approval was obtained
for Ethiopian collections from the National Health
Research Ethical Clearance Committee under the Ethiopian
Science and Technology Commission in Addis Ababa.
All samples have been previously used in studies on clinic-
ally relevant genes [31-33]. For analyses, individuals
were grouped by the collection location or by ethnicity
(Additional file 5 Table S2). Samples were not grouped
according to country as the partitioning of much of the
African continent by colonial powers was recent and largely
irrespective of ethnic identities [71]. 1028 CYP3A5*1/*3
genotypes for 51 global populations, from the Human
Genome Diversity Panel-Centre d’Etude du Polymorphisme
Humain (HGDP-CEPH) collection, which had previously
been published [20] were combined with the 2538 sample
cohort genotyped for this study. CYP3A5 re-sequencing
data, which were previously published, for 70 individuals
from three distinct ethnic groups from the Coriell Reposi-
tories (24 European Caucasians, 23 African-Americans
and 23 Han Chinese individuals) were combined with the
Ethiopian cohort for detailed integrative analyses [20].
Published data were provided by Dr Emma Thompson
from the University of Chicago.
Genotyping and re-sequencing
Genotyping of clinically relevant CYP3A5 alleles; Genotyp-
ing of CYP3A5*1, CYP3A5*3, CYP3A5*6 and CYP3A5*7
was performed using TaqMAN allelic discrimination
technology [ABiosystems product code: C_26201809_30
for CYP3A5*1/*3, and ABiosystems product code:
C_30203959 for CYP3A5*6], and KASPar (performed ex-
ternally by KBiosciences®, UK).
Re-sequencing of CYP3A5; The 13 exons and their
flanking introns, promoter region and 3´ untranslated of
CYP3A5 were amplified in 379 Ethiopian individuals using
primers designed on the basis of the CYP3A5 reference se-
quence in NCBI Build 132 [(http://www.ncbi.nlm.nih.gov/)
(see Additional file 6 Table S3 for a list of primers)].
Amplicons were sequenced using ABI PRISM Dye Termi-
nators version 3.1 on an ABI 96-capillary 3730×l DNA
Analyzer according to the manufacturer’s protocol (Applied
Biosystems, Applera, UK). Part of the CYP3A5 gene was re-
sequenced externally by Macrogen®, USA.
Microsatellite genotyping; A –GT microsatellite, lo-
cated ~1500 base pairs downstream of the 3´ end of
CYP3A5 was genotyped in 379 Ethiopian individuals, for
whom re-sequencing data were also generated. Microsatel-
lite genotyping was performed using a high-throughput
method adapted from [72]. A 456 base pair region of
CYP3A5, approximately ~1000 base pairs downstream of
the 3´ UTR was amplified using the forward primer 5´-
AATATATGTGTTTGTATGTGTG-3´ and a fluorescently
labeled reverse primer FAM-AAGTGCTACCAATTTTGT
ACGT-3´. PCR amplification was performed in 10 μl reac-
tion volumes containing 1ng of template DNA, 0.5 μM of
primers, 0.2 units Taq DNA polymerase (HT Biotech,
Cambridge, UK), 0.2 μmol dNTPs, 0.1 μmol of 10X Buffer
IV (Thermo ScientificW) and 0.28 μl of magnesium chloride
(concentration 25 mM). Cycling conditions were 5 minutes
of pre-incubation at 95°C, followed by 38 cycles of 95°C for
one minute, 58°C for 40 seconds, 72°C for 40 seconds, with
Table 5 Pairwise FST values for five Ethiopian populations and three other global populations
Afar Amhara Anuak Maale Oromo African-Americans Europeans Han Chinese
Afar * 0.74597 <0.00001 0.00436 0.76537 <0.00001 <0.00001 <0.00001
Amhara −0.00248 * <0.00001 0.00347 0.93525 <0.00001 <0.00001 <0.00001
Anuak 0.04566 0.05138 * 0.00257 <0.00001 <0.00001 <0.00001 <0.00001
Maale 0.01951 0.01736 0.01061 * 0.00267 <0.00001 <0.00001 <0.00001
Oromo −0.00255 −0.0036 0.04981 0.01547 * <0.00001 <0.00001 <0.00001
African-Americans 0.08997 0.09366 0.01558 0.03432 0.08803 * <0.00001 <0.00001
Europeans 0.04873 0.03807 0.15448 0.08716 0.03371 0.19028 * 0.00257
Han Chinese 0.10812 0.0893 0.23763 0.16215 0.09715 0.29154 0.0677 *
Pairwise FST values are shown in the bottom left side of the Table, the corresponding p-values are shown in the top right of the Table. P-values which are
significant after Bonferroni correction (adjusted p-value = 0.00625; correction for 8 tests) are shown in bold.
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a final elongation step at 72°C for 10 minutes. Following
amplification, a 1.1 μl aliquot of amplified PCR product
was added to 9.89 μl of high purity (HiDi) formamide and
0.11 μl of ROX-500 size standard (Applied Biosystems,
Warrington, UK). Samples were run on an ×3730 DNA
Analyzer and analyzed using GeneMapper 4 software
(Applied Biosystems, Warrington UK).
Data analyses
Molecular diversity and Population genetics; exact tests
of deviation from Hardy-Weinberg equilibrium (using
10,000 steps in a Markov chain), pairwise FST, and
AMOVA, were all performed using Arlequin 3.5 [73].
Pairwise FST estimates were used to perform principal
co-ordinates analysis in the R-programming environ-
ment using routines in the APE package. The D´measure
of linkage disequilibrium was calculated using the expect-
ation maximization algorithm using LDMax (part of the
GOLD software package, freely available at: http://www.
sph.umich.edu/csg/abecasis/GOLD/docs/ldmax.html).
Haplotypes were inferred using PHASE version 2.1 (1000
iterations, 500 burn-in) [74]. Singletons were removed for
haplotype and LD analysis. Haplotype networks were
constructed using a median-joining network implemented
in Network 4.6.1 and re-colored using Adobe PhotoShop
CS4. Nucleotide diversity, tests for departures from neutral-
ity, Fay and Wu’s H test and the HKA test were all
performed using DnaSP 5.0 [75]. The chimpanzee CYP3A5
gene sequence was downloaded from NCBI (http://www.
ncbi.nlm.nih.gov/).
Ecological correlations; geographic co-ordinates were
used to calculate distance from the equator (in kilome-
ters) using the online programme: http://www.movable-
type.co.uk/scripts/latlong.html. Raw ecological data for
temperature (in degrees Celsius) and precipitation (in
mm), at each set of geographic co-ordinates, for 0,
10,000 and 50,000 years ago were extracted from the
British Atmospheric Data Centre (http://badc.nerc.ac.
uk/home/index.html), from the ALL-5G dataset
associated with the Quaternary QUEST (http://
researchpages.net/QQ/) [76]. The data were extracted
using Python. The raw data have a resolution of 5 de-
grees latitude and 7.5 degrees longitude and were inter-
polated to a resolution of 1 degree latitude and 1 degree
longitude. The interpolations were done using the
smooth.2d function in the fields library of the R-
programming environment. An estimate of relative aridity
was inferred from extracted temperature and precipitation
values corresponding to each geographic location using the
de Martonne aridity index [34]. Mantel and partial Mantel
tests were performed in the R-programming environment
using routines in the APE package [77] and ecodist pack-
age [78] respectively.
Bioinformatics analyses of genetic variation on protein
expression and function; cross-species alignments of
CYP3A5 orthologues (sequences obtained from NCBI:
http://www.ncbi.nlm.nih.gov/) were performed using
ClustalW software (http://www.ebi.ac.uk/Tools/msa/
clustalw2/). Analyses of regulatory motifs in the CYP3A5
promoter were performed using MatInspector [79], ef-
fects of amino acid substitutions on the structure and
function of CYP3A5 were performed using PolyPhen2
[80], predictions of mutations which are likely to affect
gene splicing were performed using the online Berkeley
Drosophila Genome Project splice predictor [81].
Estimating the age of the clinically relevant CYP3A5
variants; The gametic phase of CYP3A5 mutations and
the –GT microsatellite (rs10536492) was not determined
empirically. Allele ages were estimated using data for in-
dividuals homozygous for particular haplotypes. As no
Ethiopian individual was identified to be a CYP3A5*7
homozygote, this variant could not be dated. Under the
stepwise mutation model the variance (ASD) in the
microsatellite repeat length, from the most recent com-
mon ancestor, is a linear function of the mutation rate
(μ) and coalescence time in generations (t); ASD=μt
[82,83]. A mutation rate of 4.5×10-4 was used to estimate
the time to the most recent common ancestor (MRCA)
Table 6 Age estimates of clinically relevant CYP3A5 variants
CYP3A5
variant
Location on
chromosome 7
Location
in gene
Allele
dated
Number of
chromosomes
Average
squared
distance
(ASD)
Time to most recent
common ancestor
95% confidence intervals of allele age
estimate based on a star phylogeny
Estimate of
allele age
Lower Upper
Generations Years Generations Years Generations Years
CYP3A5*3 99270539 Intron 3 G 134 1.0746 2388 76,416 1797 57,504 3211 102,752
CYP3A5*6 99262835 Exon 7 A 18 3.0714 6825 218,400 3086 98.752 11975 383,200
rs15524 99245914 3´ UTR T 324 1.8426 4095 131,040 3157 101,024 5413 173,216
Allele ages were estimated using a mutation rate of 0.00045 and a generation time of 32 years. The confidence intervals for the estimated age of the CYP3A5*6
are large; most likely a reflection of the small sample size. UTR is the Untranslated Region.
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based on average estimates of the mutation rate of di-
nucleotide microsatellites in the human genome [68,84].
ASD and t were calculated using Ytime software [85].
The microsatellite length of the ancestral MRCA is
assumed to be known. For this study the ancestral length
of the microsatellite was estimated to be 35; as the
majority of CYP3A5*1 haplotypes had 35 repeats.
Confidence intervals for the age estimates were obtained
from calculating the distances between the ancestral and
derived chromosomes under a star-genealogy model;
based on the results of network analysis of CYP3A5 hap-
lotypes. A generation was assumed to be 32 years [46].
Additional files
Additional file 1: Table S1.“The proportion of each inferred CYP3A5
haplotype observed in each population.” The Table lists the frequencies
of each inferred CYP3A5 haplotype, by population.
Additional file 2: Figure S1. “The distribution of high-, intermediate-
and low- CYP3A5 expression phenotypes, inferred from diplotypes.” The
Figure shows inferred CYP3A5 expression phenotypes, assuming that
CYP3A5*6 causes low/non-expression of CYP3A5. The size of each circle is
proportional to the number of individuals sampled from a given
population (see Additional file Table S1).
Additional file 3: Figure S2. “The distribution of high-, intermediate-
and low- CYP3A5 expression phenotypes, inferred from diplotypes.” The
Figure shows inferred CYP3A5 expression phenotypes, assuming that
CYP3A5*6 does not cause low/non-expression of CYP3A5. The size of
each circle is proportional to the number of individuals sampled from a
given population (see Additional file Table S1).
Additional file 4: Figures S3a and b. “Haplotypes inferred from
genotype data in 8 populations.” Supplementary Figure 3a shows the
composition of each CYP3A5 haplotype inferred from genotype data for
8 global populations. The frequencies of each haplotype, by population,
are shown in Additional file Figure S3b.
Additional file 5: Table S2. “Geographic co-ordinates, sample size and
major language family of each population genotyped in the geographic
survey of clinically relevant CYP3A5 alleles. The CYP3A5 gene was re-
sequenced in five Ethiopian populations.” This Table provides details of
all populations which were genotyped, and re-sequenced for this study.
Additional file 6: Table S3. “A list of the primers used for PCR
amplification and sequencing of CYP3A5.”
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